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Multiple remote sensing techniques have been developed to identify crop water stress, but some 
methods may be difficult for farmers to apply. Unlike most techniques, shortwave vegetation 
indices can be calculated using satellite, aerial, or ground imagery from the green (525-600 nm), 
red (625-700 nm), and near infrared (750-900 nm) spectral bands. If vegetation indices can be 
used to monitor crop water stress, growers could use this information as a quick low-cost 
guideline for irrigation management, thus helping save water by preventing over irrigating. This 
study occurred in the 2013 growing season near Greeley, CO, where pressurized drip irrigation 
was used to irrigate twelve corn (Zea mays L.) treatments of varying water deficit. Multispectral 
data was collected and four different vegetation indices were evaluated: Normalized Difference 
Vegetation Index (NDVI), Optimized Soil-Adjusted Vegetation Index (OSAVI), Green 
Normalized Difference Vegetation Index (GNDVI), and the Wide Dynamic Range Vegetation 
Index (WDRVI). The four vegetation indices were compared to corn water stress as indicated by 
the stress coefficient (Ks) and water deficit in the root zone, calculated by using a water balance 
that monitors crop evapotranspiration (ET), irrigation events, precipitation events, and deep 
percolation. ET for the water balance was calculated using two different methods for comparison 
purposes: (1) calculation of the stress coefficient (Ks) using FAO-56 standard procedures; (2) use 
of canopy temperature ratio (Tc ratio) of a stressed crop to a non-stressed crop to calculate Ks. It 
was found that obtaining Ks from Tc ratio is a viable option, and requires less data to obtain than 
Ks from FAO-56.  In order to compare the indices to Ks, vegetation ratios were developed in the 
ii 
  
process of normalization. Vegetation ratios are defined as the non-stressed vegetation index 
divided by the stressed vegetation index. Results showed that vegetation ratios were sensitive to 
water stress as indicated by good R2 values (Nratio = 0.53, Gratio=0.46, Oratio=0.49) and low RMSE 
values (Nratio = 0.076, Gratio=0.062, Oratio=0.076) when compared to Ks. Therefore it can be 
concluded that corn spectral reflectance is sensitive to water stress. In order to use spectral 
reflectance to manage crop water stress an irrigation trigger point of 0.93 for the vegetation ratios 
was determined.  These results were validated using data collected by a MSR5 multispectral 
sensor in an adjacent field (SWIIM Field). The results from the second field proved better than in 
the main field giving higher R2 values (Nratio = 0.66, Gratio = 0.63, Oratio = 0.66), and lower RMSE 
values (Nratio = 0.043, Gratio = 0.036, Oratio = 0.043) between Ks and the vegetation indices. 
SWIIM field further validated the results that spectral reflectance can be used to monitor corn 
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α weighting coefficient in the calculation of WDRVI 
CIR color infrared 
Di daily soil water deficit for that day (mm) 
Di-1 daily soil water deficit of previous day (mm) 
Di_RAW deficit when the deficit is greater than readily available water (mm) 
Ds soil water deficit attributed to stress in the root zone (mm) 
DOY day of year 
DP  deep percolation (mm) 
ET evapotranspiration (mm/day, mm/hr) 
ETa actual crop evapotranspiration 
ETc crop evapotranspiration (mm/day) 
ETo grass reference evapotranspiration (mm/day, mm/hr) 
ETR alfalfa reference evapotranspiration (mm/day, mm/hr) 
ETref reference evapotranspiration (mm/day, mm/hr) 
EVI enhanced vegetation index 
FC field capacity (%) 
FCRZ field capacity in the root zone (%) 
few fraction of the soil that is both exposed to solar radiation and that is wetted  
fPAR fraction of photosynthetically active radiation  
GNDVI green normalized difference vegetation index 
GreenI incident green light 
GreenR reflected green light  
I total net irrigation amount applied (mm) 
IRT infrared thermometer (°C) 
Kc crop coefficient  
Kcmax maximum value of Kc following rain or irrigation 
Kcb basal crop coefficient  
Ke soil water evaporation coefficient  
Ks stress reduction coefficient  
Kr evaporation reduction coefficient 
LAI leaf area index 
LIRF Limited Irrigation Research Facility  
MSAVI modified soil adjusted vegetation index 
NDVI normalized difference vegetation index 
NIR near Infrared 
NIRI incident near infrared light 
NIRR:  reflected near infrared light 
OSAVI optimized soil adjusted vegetation index 
P amount of precipitation that infiltrates the soil (mm) 
p depletion fraction 
R2 coefficient of determination 




RH relative humidity (%) 
RHmin  minimum daily relative humidity (%) 
Red light in the red wavelength 
RedI incident red light 
RedR reflected red light 
REW readily evaporable water (mm) 
RGB red green blue 
RMSE root mean square error 
RZ root zone (m, mm) 
SAVI Soil Adjusted Vegetation Index 
SR Simple Ratio 
SWD15 soil water deficit at 15 cm (mm, %) 
SWD30 soil water deficit at 30 cm (mm, %) 
SWD45 soil water deficit at 45 cm (mm, %) 
SWD60  soil water deficit at 60 cm (mm, %) 
SWD75 soil water deficit at 75 cm (mm, %) 
SWD90  soil water deficit at 90 cm (mm, %) 
TAW total available water (%) 
TDR  time domain reflectometer 
TEW total evaporable water (mm, %) 
TSAVI transformed soil adjusted vegetation index 
VF vegetation fraction 
VWC  volumetric water content (m3,%) 
VWCi Volumetric water capacity for a specific day (m3, %) 
VE emergence of corn plants from soil 
V7 vegetative growth stage – 7 collars visible on corn plants 
V12 vegetative growth stage – 12 collars visible on corn plants 
R1 reproductive growth stage – silk becomes visible 
R3 reproductive growth stage – kernels fill with milky white fluid 
R5 reproductive growth stage – dent forms on top on kernels 
WDRVI wide dynamic range vegetation index 
WP wilting point (%) 










1.1 Global Water and Food Supply 
As climate change progresses and populations continue to grow, fresh water is becoming scarce. 
Water is needed for irrigation, urban landscaping, recreation, and human consumption/use. 
Irrigation is the largest single consumer of fresh water, consuming about 80% of total freshwater 
in the world (Hoffman and Evans, 2007). As demand for freshwater from non-agriculture 
increases and populations increase (more demand for food) growers will continued to be 
pressured to use less water, but still produce enough food to feed a growing population. A 
changing climate will affect water sources that farmers rely on for irrigation. Thirsty cities will 
continue to buy water rights from farmers in order to bring the water to growing cities. 
Populations will continue to rise in developing countries and require more food that is 
sustainably irrigated to meet the needs of the people. Therefore it is important to address how 
climate change and increased food supply are going to affect irrigated agriculture. 
 
1.1.1 Climate Change 
As the implications of climate change begin to emerge, more pressure will be put on water 
resources to sustain an ever growing population. Global warming due to enhanced greenhouse 
gases is very likely to have significant effects on the hydrological cycle (IPCC, 2013). Some 
areas could see increased precipitation while others could see longer droughts, depending on the 
degree of climate change. According to Arnell (1999)  global average precipitation will increase 
with climate change, but much of the increase will occur over the oceans, with large areas of 




stated that the wet areas will become wetter, with dry areas becoming drier. Therefore, the global 
climate change scenario will very likely put high stress on available water resources and irrigated 
agriculture, since 80% of the available fresh water is used for irrigation (Hoffman and Evans, 
2007).Thus, due to this water stress scenario farmers will feel increased pressure to use less 
water from rising populations, and other competing sectors, but yet want to sustain high or 
economical yields.  
To help farmers deal with increased competition for water resources, irrigation infrastructures 
will need to be updated and fixed. Some estimate that 50% of the water withdrawals for 
agricultural purposes actually reached the crops and the rest was lost in outdated and or broken 
irrigation infrastructures (Fisher et al., 2007). These authors also studied the implications of 
mitigating (i.e. reducing the severity of) climate change for irrigation water requirements and 
withdrawals, and in what situations mitigation matter the most. They found that effects of 
climate change mitigation on irrigation water requirements could result in large overall water 
savings, both on the global and regional scale. Overall the analysis concluded that mitigation is 
going to be an important part in helping agriculture adjust to changes in climate and water 
resources. If mitigation is not used farmers will not be able to adapt to changes by themselves, 
and with the increased economic pressure on irrigation and agriculture as a whole (regionally and 
globally) farmers will suffer along with the public who relies on affordable food.  Irrigation 
infrastructure will need to be updated to help prevent water loss so farmers can maximize water 
use and food production. Modernized methods of irrigation management will need to be 




1.1.2 Population Growth 
Along with the changes in climate that will ultimately affect the water supply differently in 
different areas, populations around the world continue to increase. World population numbers are 
supposed to hit 9.7 billion by 2050 (United Nations, 2012). While farmers are economically 
pressured into using less water, they must sustain or even increase food production to feed this 
growing population, despite increasing water scarcity. In the future farmers will be expected to 
use less water, but yet somehow still produce high yields that can fulfill the needs of the human 
population, livestock, and biofuels. In order for farmers to be able to attempt to feed the growing 
population and use less water new management methods of irrigation and technology are going 
to need to be used.  
 
1.2 Limited/Deficit Irrigation 
One of the most researched management approaches to saving farmers water is regulated deficit 
irrigation. Regulated deficit irrigation is an irrigation strategy in which the net irrigation water 
applied is less than the full crop-water requirements. Crop water requirements are normally 
determined using the evapotranspiration (ET) of the crop, which is defined as the combination of 
two separate processes where water is lost or evaporated from the soil and plant surface and/or 
transpired from within the plants tissue (Allen et al., 1998). For corn the most drought sensitive 
growth stages occur during reproduction (tasseling and silking). In deficit irrigation, agriculture 
growers try to apply less water at non drought sensitive growth stages, such as vegetative stages 
and the late ripening period (after reproduction, Zhang and Oweis, 1999). Growers can determine 
how much water to apply (or reduce) depending on how much decrease in crop yield they are 




when the grower has high value and low value crops. The high value crop can be applied with 
full water to meet its ET demands, and deficit irrigation can be applied to the low value crops to 
be able to still obtain some sort of yield from the crops. Another potential use of saved water is 
to lease it to other farmers or non-agricultural sources (cities, companies, etc.). There has been 
much research on deficit irrigation including both field studies and crop models however, crop 
models will not be discussed in this manuscript as they are outside the scope of this project.  
 
1.2.1 Field Studies of Regulated Deficit Irrigation 
While regulated deficit irrigation has been shown to save water, inducing water stress can affect 
the biophysical properties of the plant. Aydinsakir (2013) studied the effects of deficit irrigation 
on two corn genotypes. It was reported that protein content of both corn genotypes decreased 
when irrigation levels decreased. Sugar content (glucose, fructose, and sucrose) contents 
increased with decreasing water. They also concluded that it was possible to grow corn with a 
moderate level of water deficiency without significant decreases in grain yield. While this study 
found that the protein of the corn decreased and sugar increased, the nutritional content of the 
corn is still beneficial for both humans and livestock. Ertek and Kara (2013) reported similar 
results for sweet corn in that sugar levels increased with deficit irrigation, but found that the 30% 
deficit treatment in their study had higher protein content than other irrigation treatments. This is 
including the fully irrigated treatment and the 15% deficit treatment that was tested. While corn 
has few quality standards it is still important when applying regulated deficit irrigation to 




Timing of deficit is an important consideration so that implications on yields are minimized. 
Doorenbos and Kassam (1979) concluded that corn appeared to be relatively tolerant of water 
deficits during the vegetative and ripening periods, although water deficits during tasseling and 
ear formation caused large decreases in grain yields. Results of Doorenbos and Kassam (1979) 
study have also been concluded by numerous other studies including Çakir (2004) who 
conducted a study to identify the effects of water stress at different growth stages on corn. When 
water stress was only applied during the vegetative growth stages, it had only a small effect on 
the yield, and if a single irrigation was missed during the sensitive growth stages (reproduction), 
it could cause up to a 40% decrease in grain yield during years without much precipitation. If 
water is very scarce it would be most beneficial to apply irrigation during tasselling and cob 
formation stages. Farré and Faci (2009) also reported that during water shortages it is possible to 
maintain relatively high yields if water deficit is not applied during “flowering stage” (tasseling, 
ear development). They concluded that it was possible to implement deficit irrigation by 
increasing intervals between irrigations during growth stages other than “flowering”. Applying 
deficit irrigation would allow for reduction in agricultural water use, thereby allowing for the 
water to be used somewhere else where it is more economically valuable.  
While most of the studies on deficit irrigation conclude that applying water stress during the 
vegetative and maturity stages resulted in only slight reductions in grain yield, Kang et al. (2000) 
conducted a study in which deficit irrigation was applied to corn at both seedling and stem-
elongation stages. They found that treatments that experience an early soil drying at the seedling 
stage plus a further mild water deficit could potentially maintain grain yield and substantially 
reduce water consumption. Plants that were stressed at the seedling stage that were then stressed 




for this phenomenon is deficit at the seedling stage promotes a large deep root system (Kang et 
al., 2000). Their results show that grain yield was not significantly reduced for their mild 
treatment and only marginally reduced for the severe mild treatment. Applying water deficit at 
the seedling stages makes the plants better adapted for further water deficit during later stages. 
This approach of applying deficit irrigation to seedlings allows for more water to be saved 
throughout the season as the crop can handle larger water deficits later on without much grain 
yield reduction.  
Zhang and Oweis (1999) reported that for deficit irrigation probability of rainfall and available 
soil moisture in the root zone need to be considered when irrigating. If a farmer is in an area that 
receives most of its irrigation water during tasseling and ear formation, deficit irrigation can be 
applied by stressing the corn early and hopefully using any precipitation to get the crop through 
its critical stages. The water not used can then be used on other crops or leased out for other uses. 
In areas in which salinity is a problem Katerji et al. (2004) found that corn yield response to 
water stress did not change whether the cause was salinity or drought.  
Regulated deficit irrigation is a viable option for when the cost of water is high and/or abundant 
water is not readily available. As discussed, deficit irrigated crops will have responses to water 
stress. It is important when applying deficit irrigation to understand how the crops biophysical 
features will change, including vegetation fraction (VF), leaf area index (LAI), spectral 
reflection, etc. It is fairly obvious that VF and LAI will decrease with increased crop water 
stress, but how canopy spectral reflectance changes due to crop water stress is important to 
determine. It is also important to be able to detect crop water stress using only the spectral 





1.2.2 Evapotranspiration and Crop Water Stress 
When applying regulated deficit irrigation it is important to monitor water deficit that is being 
imposed to the crops. One of the more common ways of monitoring water stress is to track the 
crops ET throughout the growing season. Estimates of crop ET can be calculated using methods 
described in The Food and Agriculture Organization Irrigation and Drainage Paper No. 56 
(FAO-56, Allen et al., 1998). Estimates of ET can be obtained from the standardized Penman-
Monteith equation that calculates reference ET (ETref). Grass reference ET (ETo) or alfalfa 
reference ET (ETr) can be calculated using the Penman-Monteith equation. ETo is defined by 
Doorenbos and Pruitt (1977) in FAO-24 as the ET rate from an extensive surface of 8 to 15 cm 
tall green grass, that is actively growing, completely shading the ground, is healthy, and not short 
on water. ETr as described by ASCE-EWRI (2005) as the rate of ET from actively growing 
alfalfa with 50 cm of canopy height and is well watered. Many different equations have been 
developed for calculating reference ET. Equation 1.1 shows how ETref is calculated in which T is 
air temperature (°C), Rn is net radiation(MJ m-2 d-1, or MJ m-2 hr-1), G is soil heat flux (MJ m-2 d-
1, or MJ m-2 hr-1), u2 is wind speed at 2 m height (m/s), (es-ea) is the vapor pressure deficit (kPa), 
Δ is the slope of the saturation vapor pressure temperature curve (kPa °C-1), and Cn and Cd are 
constants defined by reference type and time step. This equation is recommended by both FAO-






    (1.1) 
The two constants Cn and Cd used in the Standardized Penman-Monteith ETref equation can be 
obtained from ASCE-EWRI (2005). The slope of the saturation vapor pressure-temperature 







     (1.2) 
Saturation vapor pressure function (𝑒0) is calculated using Equation 1.3, in which T is air 
temperature (°C).  
𝑒0 = 0.6108 exp � 17.27𝑇
𝑇+237.3
�    (1.3) 
Equation 1.4 shows how saturation vapor pressure (𝑒𝑠) is calculated for daily time steps, in 





     (1.4) 
Psychometric constant (𝛾) is calculated using Equation 1.5, in which P is atmospheric pressure in 
kPa (Equation 1.6).  
𝛾 = 0.000665𝑃                (1.5) 
𝑃 = (2.406 − 0.0000534𝑧)5.26    (1.6) 
In Equation 1.6 the variable z is the elevation of the field (m) above sea level. Daily net radiation 
is calculated using Equation 1.7, in which Rns is net short wave radiation (MJ m-2 d-1) and Rnl is 
net outgoing long-wave radiation (MJ m-2 d-1). Equation 1.8 and 1.9 show how to calculate Rns 
and Rnl respectively. For Equation 1.8 Rs is measured solar radiation (obtained from a weather 
station), and α is albedo assumed as a fixed value of 0.23. 
𝑅𝑛 = 𝑅𝑛𝑠 − 𝑅𝑛𝑙     (1.7) 









�   (1.9) 
In Equation 1.9 𝑓𝑐𝑑 is a cloudiness function, TK is the maximum and minimum temperature in 
Kelvin and σ is the Stefan-Boltzmann constant, 4.901 × 10−9 MJ K-4 d-1. Equation 1.10 shows 





− 0.35     (1.10) 
Clear sky solar radiation (𝑅𝑠𝑜) is computed by Equation 1.11, where Ra is exoatmospheric 
radiation (MJ m-2 d-1).  
𝑅𝑠𝑜 = (0.75 + 2 × 10−5𝑧)𝑅𝑎    (1.11) 
Exoatmospheric radiation (Ra) is defined by Equation 1.12, in which Gsc is the solar constant and 
equal to 4.92 MJ m-2 d-1, dr is the inverse relative distance factor (squared) for the earth-sun 
(Equation 1.13), ωs is the sunset hour angle (radians, Equation 1.14), φ is the station latitude 
(radians), δ is the solar declination in radians (Equation 1.15). In Equation 1.13 and 1.15 DOY is 




 𝐺𝑠𝑐𝑑𝑟[𝜔𝑠 sin(𝜑) sin(𝛿) + cos(𝜑) cos(𝛿) sin (𝜔𝑠)]  (1.12) 
𝑑𝑟 = 1 + 0.033 𝑐𝑜𝑠 �
2𝜋
365
𝐷𝑂𝑌�    (1.13) 
𝜔𝑠 = 𝑎𝑟𝑐𝑐𝑜𝑠[− tan(𝜑) tan (𝛿)]    (1.14) 
𝛿 = 0.409𝑠𝑖𝑛 � 2𝜋
365




Soil heat flux (G) is the last variable that needs to be calculated for Equation 1.1. If ETref is being 
calculated for daily timestamps soil heat flux is assumed to be equal to zero.  
To simplify the calculation of ET, the crop coefficient (Kc) was developed. Kc is used to adjust 
ETref for different crop types. Kc changes through the growing season and is affected by crop 
height, crop-soil resistance, surface albedo, and fraction of ground cover. Kc is calculated using 
equation 1.16, where Kcb is the basal crop coefficient, Ks is the water stress reduction coefficient, 
and Ke is the soil water evaporation coefficient 
𝐾𝑐 = 𝐾𝑐𝑏 ∙ 𝐾𝑠 + 𝐾𝑒     (1.16) 
In order to calculate Kcb Equation 1.17 is used, in which Kcb(Tab) is the value for Kcb mid (Kcb value 
in the middle of the growing season) or Kcb end (Kcb value in the end of the growing season) taken 
from a table in FAO-56, u2 (m/s) is the mean value for daily wind speed at 2 m height over grass 
during the mid or late season growth stage, RHmin (%) is the mean value for daily minimum 
relative humidity during the mid- or late season growth stage, and h (m) is the mean plant height 
during mid or late season stage. 





   (1.17) 
Using Equation 1.17 requires weather data, and using tabulated values (Kcb(Tab))for certain crops 
that might not always be accurate for different climates. Therefore Trout and Johnson (2007) 
developed another method based on using VF to estimate Kcb. For this method Kcb is calculated 
using Equation 1.18, in which “a” and “b” are empirical coefficients calibrated to get the best 
relationship between Kcb and VF. 




Trout and Johnson (2007) developed this equation by plotting “measured” Kcb (calculated using 
a weighing lysimeter) versus measured VF. They reported a strong linear correlation between 
Kcb and VF for three different types of crop (lettuce, pepper, garlic). Since many growers don’t 
have the equipment to monitor VF (this is done using crop canopy images and processing 
software), Trout and Johnson (2007) also developed an equation (Equation 1.19) to calculate VF 
based on the Normalized Difference Vegetation Index (NDVI, Eq. (1.28)). 
𝑉𝐹 = 1.22 ∗ 𝑁𝐷𝑉𝐼 − 0.21        (1.19) 
For growers who are assuming no water stress, Ks is assumed to have a value of one in Equation 
1.16. If water stress is being included then Ks needs to be calculated. According to FAO-56 
(Allen et al., 1998) Ks can be computed as in Equation 1.20, where TAW is the total available 
soil water in the crop root zone (mm), Dr is root zone soil water depletion (mm), and p is the 
fraction of TAW that a crop can extract from the root zone without suffering water stress, 




     (1.20) 
In order to determine the parameters in Equation 1.20, accurate soil moisture measurements 
throughout the growing season are required. If soil moisture measurements are unavailable, 
Bausch et al. (2011) proposed that Ks could be estimated from a ratio of canopy temperatures   
(Tc ratio, Equation 1.21). To be able to apply this method of estimating Ks, infrared thermometers 
(IRTs) are required to monitor crop canopy temperature (°C) in both the stressed and non-










The last parameter needed to calculate Kc (Equation 1.16) is the soil water evaporation 
coefficient (Ke). Ke is at a maximum value of 1.0 when the soil surface is wet and at a minimum 
value of zero when the soil surface is dry. According to Allen et al. (1998) Ke is calculated using 
Equation 1.22 in which Kr is an evaporation reduction coefficient (Equation 1.23), Kc max is the 
maximum value of Kc (the actual crop coefficient) following rain or irrigation as defined by 
Equation 1.24, and 𝑓𝑒𝑤 is the fraction of soil that is both exposed to solar radiation and that is 
wetted (Equation 1.25). For Equation 1.23 REW (mm) is the readily evaporable water 
determined by the soil type, and De, i-1(mm) is the cumulative depth of evaporation from the soil 
surface layer at the end of the previous day. For Equation 1.24 h is the average maximum plant 
height during the period of calculation (initial, development, mid, or late-season). In Equation 
1.25 fc is the fraction of vegetation cover, and fw is the average fraction of soil surface wetted by 
irrigation or precipitation. 




 𝑓𝑜𝑟 𝐷𝑒,𝑖−1 > 𝑅𝐸𝑊     (1.23) 





� {𝐾𝑐𝑏 + 0.05}� (1.24) 
𝑓𝑒𝑤 = 𝑓𝑤(1 − �
2
3
� 𝑓𝑐)     (1.25) 
Actual crop ET is then calculated using ETref and Kc shown in Equation 1.26.  
𝐸𝑇𝑐 = 𝐾𝑐 ∙ 𝐸𝑇𝑟𝑒𝑓     (1.26) 
Once crop ET (ETc) has been estimated soil water deficit can be determined by water balance. 




(mm), deep percolation (DP, mm), and ground water inputs (GW, mm). Unless the field is in an 
area with a high water table, GW inputs are mainly assumed to not occur. Hoffman et al. (2007) 
uses Equation 1.27 to describe how the water deficit for a certain day (Di) is calculated, with Di-1 
being the deficit from the previous day.   
𝐷𝑖 = 𝐷𝑖−1 + 𝐸𝑇𝑎 − 𝑃 − 𝐼𝑟𝑟 + 𝐷𝑃 − 𝐺𝑊    (1.27) 
 
1.3 Spectral Reflectance of Vegetation 
Current research of regulated deficit irrigation often uses remote sensing to monitor the crops 
water stress status. Information using remote sensing is obtained using satellites, aerial flights, or 
ground based sensors. Using remote sensing allows for an entire field to be easily monitored, 
instead of just certain locations. This can be helpful for finding disease, locating water stress, 
nutrient stress, etc.  Remote sensing can save water by helping pinpoint leaks or other problems 
with irrigation systems, or by indicating where water needs to be applied too. One application of 
remote sensing in agriculture is monitoring spectral reflectance of crop canopies. Spectral 
radiometers are used to obtain values of spectral reflectance of crop canopies along with incident 
light upon the crop canopy. Using canopy reflectance data obtained from spectral radiometers 
vegetation indices can be estimated, which can indicate the status of the vegetation in concern. 
The spectral characteristics of healthy vegetative surfaces  have low reflectance in blue, high in 
green, low in red, and very high in the near infrared (NIR) spectrums (Genc et. al., 2013).  
Vegetation has a characteristic spectral reflectance signature in comparison to soil and water. 
Water has a relatively low reflectance in the visible light region (400-700 nm) and is almost zero 




slightly higher reflectance in the visible light region. Since vegetation has such a distinct spectral 
signature, remote sensing can be used to monitor vegetation density and water status. This is 
extremely useful in agriculture when the health of the crop can change dramatically depending 
on the location in a field.  
 
 1.3.1 Spectral Reflectance of Water Stressed Crops  
Spectral reflectance of crops can be used be used to monitor crop health. If applying deficit 
irrigation, it is helpful to understand how the crop’s spectral reflectance is going to be affected 
by the water stress. While healthy (non-stressed) crops absorb almost all of the incident red and 
reflect incident NIR light, stressed crops have shown to reflect more red light when water 
stressed (Jackson and Ezra, 1985) because water stress affects the light absorption of leaf 
chloroplasts. Köksal et al. (2011) studied the spectral reflectance of sugar beets under different 
levels of irrigation and showed that well watered sugar beets reflectance values increased as the 
crop grew and covered the bare soil.  While the drought stressed sugar beets showed similar 
reflectance values as the bare soil at the end of the growing season. Köksal et al. (2011) reported 
strong relationships between vegetation indices, LAI, biomass, and sugar beet yield. The spectral 
reflectance of the sugar beets changed with water stress, which shows that water stress can be 
monitored using remote sensing of spectral reflectance.  
 
1.4 Vegetation Indices 
Spectral vegetation indices are mathematical combinations of different spectral bands mainly in 




relate canopy/leaf reflectance with canopy characteristics such as VF, LAI, chlorophyll content, 
and intercepted photosynthetically active radiation (PAR, Hatfield et al., 2008). Mainly 
vegetation indices are seen as a simple way to obtain/quantify biophysical characteristics of 
vegetation from remotely sensed data (Gitelson, 2013).    
 
1.4.1 Normalized Difference Vegetation Index (NDVI) 
NDVI is the most commonly used vegetation index; it has been shown to be correlated with 
some biophysical properties of the vegetation canopy including LAI, VF, and biomass (Jiang et 
al., 2006). NDVI is a function of NIR and Red reflectance, with NIR being the reflectance in the 
near infrared spectrum (~800 nm), and Red being the reflectance in the red spectrum (~675 nm). 
NDVI is calculated by Equation 1.28, and ranges from a minimum value of -1 to a maximum 
value of 1.  
 𝑁𝐷𝑉𝐼 = 𝑁𝐼𝑅−𝑅𝑒𝑑
𝑁𝐼𝑅+𝑅𝑒𝑑
       (1.28) 
NDVI was developed by Deering in 1978, and is a benchmark for the newer indices being 
developed (Hatfield et al., 2008). Theoretically NDVI should have a linear relationship with 
many of the biophysical properties such as LAI, VF, and biomass (Jiang et al. 2006). While 
NDVI theoretically has a linear relationship with VF it has been seen that NDVI tends to become 
saturated after VF cover gets to a certain density depending on the crop type being monitored. 
This occurs when the crop obtains full cover yet there is relatively no change in the reflectance 
of the canopy until the crop starts drying out or senescing. Saturation causes the NDVI values to 
plateau off, stay constant, and not continue increasing on a 1 to 1 scale with VF. Since NDVI 




spectrum begins to saturate. It was found that this saturation is not crop dependent and many 
different experiments with different varieties of crop show that NDVI will reach its maximum 
value and saturate at many different VF values. Huete et al. (1985) showed NDVI approached its 
maximum value around VF values of 80% to 90%. Meza Díaz and Blackburn (2003) showed 
NDVI saturation occurring at VF values of only 60%. Huete et al. (1985) reported that NDVI 
responded primarily to red reflectance and is relatively insensitive to NIR variation when 
vegetation becomes very dense (as VF reaches full cover).  In order to address the saturation 
issue with NDVI many other vegetation indices have been developed. Since the NDVI equation 
has an “open loop” (no correction for soil or atmospheric effects) structure it is susceptible to 
large sources of error and uncertainty caused by atmospheric and canopy background conditions 
(Liu and Huete, 1995).   
While there have been reported uncertainties with using NDVI, it remains extremely popular. 
NDVI is used not only in agricultural settings, but also in forests, deserts, etc. For example 
Mancino et al. (2014) used Landsat imagery and NDVI to detect vegetation change in a forest in 
southern Italy. NDVI is also often used as a parameter in forecasting models for predicting 
vegetation growth, abundance, and ET models. Therefore it is important to calculate NDVI using 
accurate sensors and verify the results. Advances in technology are happening quickly, and it is 
important to test new sensors and see how they perform compared to older technology. Ground 
based remote sensing, often referred to as “ground-truth” based sensing, combined with newer 





1.4.2 Wide Dynamic Range Vegetation Index 
The Wide Dynamic Range Vegetation Index (WDRVI) was developed by Gitelson (2004), who 
reported that NDVI was only sensitive to changes in VF when VF values were between 40 to 
50%. This saturation level was seen for wheat, maize, and soybean. Gitelson (2004) then 
developed WDRVI (Equation 1.29) to help avoid the saturation problem. As shown in Equation 
1.29 an alpha weighting coefficient (α<1) is applied to the NIR band. Typical values of α range 
from 0.1 to 0.3. It was found in Gitelson (2004) that WDRVI had a stronger near-linear 
relationship with VF than NDVI did.  
𝑊𝐷𝑅𝑉𝐼 =  𝛼𝑁𝐼𝑅−𝑅𝑒𝑑
𝛼𝑁𝐼𝑅+𝑅𝑒𝑑
       (1.29) 
Peng et al. (2013) found that WDRVI was one of the most accurate indices for estimating gross 
primary productivity of crops (GPP). WDRVI is one of the better indices that is able to 
distinguish agricultural land and intermediate forests in tropical rain forests, but this was based 
solely on remote sensed data therefore ground based measurements would be needed to validate 
this conclusion (Viña, 2012). Although WDRVI was developed to help avoid the saturation 
problem that occurs with NDVI and the other NDVI based indices, strong saturation has been 
seen to occur in WDRVI after full VF has occurred (Vescovo et al., 2012).  
 
1.4.4 Optimized Soil Adjusted Vegetation Index 
Huete (1988) proposed a Soil-Adjusted Vegetation Index (SAVI). The purpose of SAVI was to 
eliminate soil background effects in NDVI and prevent saturation as was common with NDVI. 






× (1 + 𝐿)     (1.30) 
In Equation 1.30 L is a constant that can be adjusted for soil background affects. The factor of (1 
+ L) was applied to keep SAVI in the same boundaries as NDVI (-1 to 1). Huete (1988) varied L 
from 0 to 1, and 1 to 100 in order to determine the effect and the sensitivity to see if SAVI 
performed better than NDVI. It was reported that as the vegetation density increased throughout 
the growing season L could be adjusted from 0 to 1. At very low vegetation densities L=1, at 
intermediate densities L=0.5, higher densities L= 0.25 (Huete, 1988). SAVI was originally 
thought to be an improvement on NDVI, and Huete (1988) reported improved linearity between 
LAI and SAVI in comparison to NDVI.  
While SAVI seemed to be an improvement over NDVI, many found that it still had some faults 
such as saturation. Therefore, Baret et al. (1989) proposed the Transformed Soil Adjusted 
Vegetation Index (TSAVI). Unlike SAVI, TSAVI is a distance based vegetation index. Distance 
based vegetation indices main objective is to minimize the effect of soil brightness. Distance 
based vegetation indices are obtained through linear regression of the near-infrared band against 
the red band for samples of bare soil pixels. Baret and Guyot (1991) reported that TSAVI was 
the best vegetation index for low LAI, but it reached saturation level before SAVI, but after 
NDVI. TSAVI is calculated using Equation 1.31, where a and b are the parameters of the soil 
line and X is assumed to be equal to 0.08. TSAVI equals zero for bare soil, and is about 0.70 for 
very dense canopies (Baret and Guyot, 1991).  
𝑇𝑆𝐴𝑉𝐼 = 𝑎∗(𝑁𝐼𝑅−𝑎∗𝑅𝑒𝑑−𝑏)
(𝑎∗𝑁𝐼𝑅+𝑟−𝑎𝑏+𝑋(1+𝑎2))
    (1.31) 
After TSAVI was developed a second version of the SAVI was proposed by Major et al. (1990) 




the intercept and a is the slope of each isoline. The downfall of SAVI2 is that it requires LAI in 
the modeling to obtain values for a and b. Most users of vegetation indices use them to estimate 




     (1.32) 
Modified Soil Adjusted Vegetation Index (MSAVI) was proposed by Qi et al. (1994). MSAVI 
was based off of the original SAVI using the L factor. Instead of using L as a single value, Qi et 
al. (1994) proposed an empirical L function to help further reduce soil background effects. 
Therefore the constant L becomes self-adjusting. The L factor does not appear in the MSAVI 
equation (Equation 1.33) instead the L function was taken into account using coefficients in the 
equation. Qi et al. (1994) reported that MSAVI minimized soil background effects. MSAVI 




    (1.33) 
After MSAVI was proposed, Rondeaux et al. (1996) suggested the Optimized Soil Adjusted 
Vegetation Index (OSAVI, Equation 1.34), which was be used in this project.  
𝑂𝑆𝐴𝑉𝐼 = (𝑁𝐼𝑅−𝑅𝑒𝑑)
(𝑁𝐼𝑅+𝑅𝑒𝑑+0.16)
× (1.16)    (1.34) 
OSAVI is a simplification of TSAVI with the parameters a=1 and b=0 (Rondeaux et al., 1996). 
An optimum adjusting factor was calculated as 0.16 to use in the calculation of OSAVI. 
Rondeaux et al. (1996) suggest that OSAVI be used for agricultural applications, whereas 




1.4.5 Green Normalized Difference Vegetation Index (GNDVI) 
The Green Normalized Difference Vegetation Index (GNDVI) is based off of NDVI, but instead 
of using the red band, it uses the green band (Equation 1.35).  
𝐺𝑁𝐷𝑉𝐼 = 𝑁𝐼𝑅−𝐺𝑟𝑒𝑒𝑛
𝑁𝐼𝑅+𝐺𝑟𝑒𝑒𝑛
            (1.35) 
GNDVI, one of the more popular vegetation indices, was developed by Gitelson et al. (1996). 
This vegetation index was first used because of its sensitivity to chlorophyll concentration in 
leaves. GNDVI was found to be more sensitive to a wide range of chlorophyll concentrations 
than the original NDVI (Gitelson et al., 1996). While GNDVI was first developed for estimation 
of chlorophyll content, Pradhan et al. (2012) reported that GNDVI was better than Simple Ratio 
(SR) and NDVI for prediction of grain yield and biomass yield for wheat. SR is defined as NIR 
divided by Red. GNDVI has also been used for estimating nitrogen status, LAI, fPAR, and VF. 
GNDVI has been shown to be a better estimator of fraction of absorbed photosynthetically active 
radiation (fPAR) than NDVI (Cristiano et al., 2010), because GNDVI does not saturate as much 
at high vegetation cover as NDVI (Gitelson et al., 1996).  
 
1.5 Fractional Vegetation Cover 
Monitoring of crop biophysical properties is very important in making sure the crop is healthy, 
and helps track crop progress throughout the season. VF can tell a grower a lot about how their 
crop is growing throughout the growing season. VF is important for describing surface 
vegetation, and ecosystem health. In agriculture VF is associated with the stage of the crop, and 
can help determine irrigation scheduling. Most growers do not have the technology and/or the 




research. VF can be obtained using a digital camera and image processing software packages 
which calculate the ratio of vegetation pixels to the total number of pixels. Most software 
packages find VF for green vegetation by calculating the number of green pixels (wavelength 
range 462 to 638nm) to the total number of pixels in the image (Equation 1.36).  
𝑉𝐹 = # 𝑜𝑓 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑖𝑥𝑒𝑙𝑠
# 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠
=  # 𝑜𝑓 𝑔𝑟𝑒𝑒𝑛 𝑝𝑖𝑥𝑒𝑙𝑠
# 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠
    (1.36) 
Vegetation indices indirectly calculate VF since they are correlated with crop biophysical 
properties, including VF. NDVI is the most widely used index for the calculation of VF, however 
NDVI can often over estimate VF when vegetation is sparse and there is high volume of 
substrate or senescent vegetation in the background (Xiao and Moody, 2005). This problem often 
occurs in the beginning of the crop season when VF is low, and no till or strip till practices are 
used. Xiao and Moody (2005) reported that estimating VF from NDVI is suitable for some 
landscapes in arid and semi-arid regions. Theoretically NDVI should have a linear relationship 
with VF, because as VF changes NDVI will also change at the same rate and both are on a scale 
of 0 to 1. However, there has been much discussion over whether VFs relationship with NDVI in 
reality is linear or nonlinear. Gitelson et al. (2002) reported that both NDVI and GNDVI did not 
have a linear relationship with VF. A linear correlation of VF and NDVI has been found only 
72% of the time in semi-arid regions with sparse vegetation cover (Barati et al., 2011). Other 
indices like WDRVI along with NDVI and GNDVI were shown to have nonlinear relationships 
with the biophysical property of LAI (Viña et al., 2011), while theoretically they should have a 
linear relationship. Multiple other studies have showed these same results, but most of the data 
were collected using satellite or airborne data.  Today’s sensors have better accuracy and more 




the relationships between VF and spectral vegetation indices using ground based data collected 
with modern ground-based sensors.  
 
1.6 Previous Studies on Vegetation Indices and Water Stress 
Throughout the past thirty-five years there has been research conducted using vegetation indices 
to detect crop water stress. Jackson et al. (1983) took spectral reflectance measurements 
throughout a winter wheat crop with a handheld radiometer. They reported that NDVI did not 
work well for discriminating stress when stress occurred at high levels of VF. Increased 
atmospheric path radiance decreased NDVI, therefore showing that NDVI calculated using 
satellite data most likely needs atmospheric corrections. Strachan et al. (2002) reported that no 
one single index was able to detect stress (both nitrogen and water stress were applied in this 
study), but that several reflectance signatures and indices were needed to monitor the health of 
the corn. Other indicators like plant temperatures can indicate the onset and degree of stress at a 
particular time, while reflected solar radiation measurements detect the effects of stress over time 
(Jackson et al., 1986). But if plant temperatures are not available, and reflected solar radiation 
measurements are, then it is important to know what indices can be used to detect stress, not just 
monitor it over time. Wang et al. (2012) identified that the SR had the best correlation with water 
use efficiency (WUE), which is defined as how much biomass is produced over a growing 
season relative to the net amount of water used. They reported that the simple ratio index showed 
the highest correlation with WUE out of all of the indices tested, and can be used to assess WUE 
in dessert shrubs. Genc et al. (2013) used spectral reflection to determine water stress in sweet 
corn. Deficit irrigation was used on the sweet corn (planted in pots), and a classification tree 




reported by Genc et al. (2013) that GNDVI was the main index to determine water stress in the 
study. 
   
1.7 Literature Summary 
Main conclusions of this literature review presented in this chapter are as follows. 
1) Population growth and climate change will require farmers to maintain or increase 
worldwide production, while likely using less water.  
2) By applying regulated deficit irrigation at the correct time, grain yields along with 
nutrient content can be maintained. Wide adoption of deficit irrigation will require 
better knowledge of management and monitoring of crop water stress, with simple 
methods that do not require research-grade equipment or intensive calculations 
from the user.  
3) Remote sensing of spectral reflectance of water stressed crops can serve as a good 
way to monitor vegetation biophysical characteristics.  
4) Vegetation indices have been widely used for monitoring crop biophysical 
properties, but researchers have gotten mixed results on how exactly vegetation 
indices are related to crop biophysical properties. There is not any strong 
consensus on which vegetation index is better to use for predicting different 
biophysical properties.  
5) VF is an important crop biophysical property that can help determine the health of 





1.8 Research Objectives 
This study aims to use short wave spectral bands-based vegetation indices to indicate crop water 
stress using remotely sensed data taken throughout the growing season for corn in 2013. Actual 
water stress based on ET will be calculated to verify water stress indicated by the vegetation 
indices. The main objective of this study is to determine if these vegetation indices can be used 
to determine and quantify corn water stress. From this main objective the sub-objectives of this 
project are: 
1.) For days that multispectral data are available use the data to obtain indices: 
NDVI, OSAVI, GNDVI, and WDRVI. Verify accuracy of multispectral data by 
quantifying relationship between indices and fractional vegetation cover.   
2.) Calculate daily soil water deficit for each treatment using the method of water 
balance, and calculating daily corn ET using two different methods for the 
calculation of the stress coefficient Ks: FAO-56 (Allen et. al., 1998) and Tc ratio 
(canopy temperature ratio, Bausch et al., 2011).  
3.) Identify water stress using the stress coefficient from the two ET methods, and 
compare the stress coefficient to the vegetation indices. From this comparison 
determine an irrigation trigger value based on the vegetation indices.  
4.) Verify results by repeating objectives 1 to 3 for an adjacent corn field during the 
same growing season. 
 
1.9 Research Scope 
This study focuses on the spectral response of deficit irrigated corn. Twelve different levels of 




growing season readings from multispectral sensors and imagery from two different cameras 
were taken from a mobile platform above the field. One camera was a multispectral “FLUX” 
camera used to obtain red, green, and near infrared imagery of the plots, the other camera was a 
Canon digital camera used to obtain standard red, green, blue (RGB) imagery of the plots. 
Imagery from both cameras were run through software to obtain fractional vegetation cover for 
all of the twelve treatments. The data from the multispectral sensors were used to calculate four 
different vegetation indices: NDVI, OSAVI, GNDVI, and WDRVI for all of the twelve 
treatments. The four vegetation indices were plotted as a time series over the course of the 
summer to assess how they responded to induced water stress. Water stress observed using the 
vegetation indices can be seen by comparing the fully irrigated treatment to the other stressed 
treatments. Observed water stress for certain days throughout the season can then be compared to 
actual water stress (on that same monitored day) throughout the season using a water balance and 
the stress coefficient. More specific descriptions of how the indices and fractional vegetation 










2.1 General Overview 
For this study data were collected during the 2013 growing season at the Limited Irrigation 
Research Facility [LIRF, (40° 26’ N, 104° 38’ W, and 1428 m elevation)] located near Greeley, 
Colo., USA. This 16 ha field research facility is run by the United States Department of 
Agriculture (USDA) Agricultural Research Service Water Management Unit (ARS-WMU). 
LIRF is made up of four main fields that are irrigated using pressurized drip irrigation with 
polyethylene header pipes connected to drip irrigation tubing (16 mm diameter, thick walled 
tubing with 1.1 L/h conventional inline emitters spaced 30 cm apart). The soil type is mainly 
sandy loam. In the 2013 field season two of the fields (A and B) were planted with sunflowers 
(Helianthus annuus L.) while the other two fields (C and D) were planted with corn (Zea mays 
L.), both fields are on an annual corn-sunflower rotation which started in 2012 (Figure 3.1).  For 
this study only the data from the corn fields were used, due to poor emergence in the sunflower 
plots in 2013. Only one year of data was available for use as the sensors used in this project were 
purchased after the 2012 growing season. There were four replicates for each irrigation 
treatment, twelve total irrigation treatments, thus 48 total plots of each crop. Each plot was 40 m 
long (north to south orientation) and twelve rows wide with 0.76 m row spacing, and six border 
rows on each side of the field between fields (Figure 3.1).  Each treatment received a varying 
amount of irrigation water depending on major growth stage and a percentage of full actual ETc. 
Actual ETc from the water balance was determined from neutron moisture meter volumetric soil 
water content samples that occurred two to three times per week, as well as estimates of ETc 




received an amount of water (net) equal to 100% of ET applied during vegetative growth stages 
and 100% during maturation growth stages, while Treatment 2 (100/50) received 100% ET 
applied during vegetative growth stages and 50% of its full ET applied during maturation growth 
stages. All of the treatments received full ET during the reproductive growth stage (tasseling and 
silking), to prevent yield loss during this critical growth stage. All twelve of the treatments target 
ET amounts are shown in Table 2.1. Target ET is not always achieved depending on 
precipitation, soil variability, leaks or breaks in the irrigation system.  
Just south of the main plots in LIRF was the field used to verify the results found in this study 
(Figure 2.2). This adjacent site, referred to as the Sustainable Water and Innovative Irrigation 
Management (SWIIM) field, is the site of a collaborative project between USDA-ARS-WMU, 
Regenesis Management Inc., Colorado Northern Water Conservancy District, and Colorado State 
University. This field was also planted in corn, but furrow irrigation with gated pipe was used 
instead of drip. SWIIM field was divided into three different plots, one fully irrigated (FI), one 
high frequency deficit irrigated (HFDI), and one low frequency deficit irrigated (LFDI, Figure 
2.3). Each plot was composed of 63 rows, with 0.76 m row spacing and 396 m long. The 
dominant soil type where measurements were taken in SWIIM field is clay. However, the field is 
highly variable with other types of soils including sandy and alluvial soils. For further detail on 





Figure 2.1. LIRF Field Layout Schematic. Number in each plot (i.e. A11) is a plot identifier used in data collection and logistics. Text 








Table 2.1. Percent of maximum ET applied for each treatment during the vegetative and maturity 
growth phases, respectively. All treatments received 100% ET during the reproductive (tasseling 
and silking) phase 
Treatment 





1 100 100 
2 100 50 
3 80 80 
4 80 65 
5 80 50 
6 80 40 
7 65 80 
8 65 65 
9 65 50 
10 65 40 
11 50 50 

































Figure 2.3. Layout of SWIIM field, Irrigation pipe was placed at north end of field, which is 
















2.2 Data Collection 
Typically twice a week throughout the growing season a “high boy” tractor was run through the 
fields collecting remote sensing measurements (Figure 2.4). Measurements were typically taken 
around local solar noon (11a.m. to 1 p.m. MST).   The frame of the “high boy” tractor is roughly 
2 meters off the ground, and has a boom three meters in length on it. At the end of the boom is a 
sensor platform, that when the boom is extended is roughly 7.6 meters directly above the middle 
of the plot (Figure 2.5).  
 
Figure 2.4.High Boy Tractor with sensor platform being run through the corn field 
 
On the sensor platform there is a multispectral “FLUX” camera (FluxData, 3 CCD 3 Channel 
configuration: green (550nm), red (645nm), and NIR (825nm), Type ICZ285, 6.45 micron pixel, 
1.4MP CCD sensor chip, 17fps). There are also two SKYE light sensors to measure reflected 
(model SKR1850ND) as well as incident (model SKR1850D) light at four different wavelengths 
(450nm-520nm (blue), 520nm-600nm (green), 630nm-690nm (red), and 760nm-900nm (NIR)). 
The last two items on the platform are a standard Canon 50d RGB digital camera and an antenna 




instrumentation on the sensor platform includes an infrared thermometer (IRT) and a forward-
looking infrared (FLIR) thermal imaging camera; however data from this equipment were not 
used in this study and therefore will not be discussed further.   
 
Figure 2.5.Sensor platform layout and descriptions. GPS antenna is hidden from view. 
 
In order to obtain images, the tractor stopped at a pre-selected position in each plot. At the 
preselected spot in each plot a picture was taken with the Canon digital camera and the FLUX 
multispectral camera was triggered to take three simultaneous images (one for each band). A 
CR3000 (Campbell Scientific Inc., Logan, UT) data logger collected data every second from the 
SKYE light sensors. A laptop computer collected the GPS data, triggered the FLUX camera, and 
SKYE Reflected 









monitored in real time the incoming light sensor data. A handheld push button was used to take 
pictures with the Canon 50d digital camera.  
Besides data collected from the highboy tractor, other ground-based measurements were made.  
Growth stage data were taken twice a week in every plot, in order to keep track of how the corn 
was progressing. Canopy temperature data (°C) were collected continuously with IRTs (Apogee, 
SI-121-L29) placed for the growing season in priority plots: treatments 1, 2, 3, 6, 8, and 12. To 
obtain data from the center of the plot the IRTs were placed in the fourth row of each plot, facing 
45°east of north, and pointed 22° below the horizon. IRTs were adjusted three times a week up 
until tasseling to maintain a height of 0.76 meters above canopy height. These IRTs were 
connected to CR1000 Campbell Scientific data loggers that sampled data every 5 seconds, and 
recorded 30 minute averages. Soil moisture measurements were made with a neutron probe 
(CPNInstroteck, 503DR AM-241) for depths of 30 cm to 200 cm typically before and after every 
irrigation event in every plot thus typically 2 or 3 times per week. A handheld time domain 
reflectometer (TDR) (miniTrase, 6050X3K1) was used to get soil moisture measurements at the 
15 cm depth on the same days as the neutron probe measurements were made.  
In SWIIM field IRTs were placed in each plot in order to obtain canopy temperature 
measurements. Neutron probe (CPNInstroteck, 503DR AM-241) readings were taken typically 
twice a week in order to obtain volumetric water content in each of the three treatments. A 
couple of multispectral radiometers with 5 channels (MSR5, CropScan, Inc. S/Ns:  570 and 586) 
were used about twice a week to obtain measurements of reflected light, in the five different 
wavelengths, from the canopy. Measurements were done using a telescoping pole to keep the 




used to obtain RGB images at different locations in the field using a telescoping pole to keep the 
camera over top the canopy.  
 
2.3 Data Processing Methods 
2.3.1 Imagery Processing and Geo-referencing 
After a single day of ground-based remote sensing, the data that have been collected, from all of 
the plots, were taken to the office for post-processing. The first step was to process the images 
from the Canon and FLUX multispectral cameras. In order to obtain just one image from the 
FLUX camera, the three different band images (Figure 2.6a, b, and c) were combined to make 
one composite image using the ArcGIS “Composite Bands” tool (ESRI 2011. ArcGIS Desktop: 
Release 10.1). After the images were combined, the software created one composite color 
infrared image (CIR). In the composite image the NIR band is seen as the color red, and 
therefore vegetation is depicted in the CIR images by various shades of red (Figure 2.6d).  Next 
the CIR images were processed through a VF program created by the ARS-WMU in R Project 
(R Package version 2.15.3) that turns the red (vegetation) pixels from the CIR image into white 
and all other (non-vegetation) pixels into black, information from which VF can then be 









a.  b.  c.  
d.  e.  
Figure 2.6. Processing example for FLUX multispectral camera. All images are from plot C12 
(Treatment 1), DOY 214. The corn just began reproduction (growth stage of R1). a.) Red 
bandwidth image b.) NIR bandwidth image c.) Green bandwidth image d.) CIR composite image 
e.) Final Processed Image from VF program (VF = 0.86). 
The Canon RGB images were also processed through the VF program in R Project, to calculate 
VF. For RGB images the program calculates the ratio of green pixels to total pixels in the image. 
Example images for the Canon original RGB image, and the processed image output by the VF 
program are shown in Figure 2.7. The image timestamp for both the FLUX images and the 
Canon images were geo-referenced in ArcGIS in order to identify what plot each image was 
from. Data collected by the data logger were also time-stamped, which can also be linked to the 
GPS data using ArcGIS. All of the data collected allowed for each plot in the field to have a CIR 
image, a RGB image, incident and reflected light wavelength data that were geo-referenced for 




a.  b. \ 
Figure 2.7. Processing example from Canon RGB camera. Both images are from C12 (Treatment 
1) DOY 214 a) Red Green Blue image from Canon 50d. b.) Processed image output from VF 
program in R Project (VF = 0.82) 
 
2.3.2 Calculation of Vegetation Indices 
When all of the data were geographically linked, the vegetation indices were calculated for every 
plot. The SKYE light sensors were used to obtain light wavelength readings in every plot, these 
readings were used to calculate vegetation indices instead of the FLUX multispectral images. 
SKYE sensors were used instead because four different wavelengths could be measured (Red, 
Green, Blue, NIR) unlike with the FLUX multispectral images where only three wavelengths 
were measured (Red, Green, NIR). In order to be able to calculate vegetation indices from the 
SKYE sensors, both the incident and reflected light data needs to be used. The incident SKYE 
sensor has a cosine corrector that only allows light to be measured from the 180° hemisphere 
above the sensor, helping to eliminate measurement errors when the sun is not directly above the 
sensor. Without the cosine correcting head the sensor measures a 25°cone. SKYE corporation 
only provides an exact calibration for the sensor that has the cosine correcting head (only on the 
incident SKYE sensors), therefore a ratio sensitivity value (Z) needs to be applied to the reflected 
values. This Z value is provided by SKYE with the sensor calibration certificate. For instances 




Red reflected values. Equation 2.1 shows how NDVI is calculated using the SKYE light sensor 
data, for which NIRR is the NIR reflected light, NIRI is the NIR incident light, RedR is the red 








     (2.1) 
GNDVI is calculated using Equation 2.2, in which GreenR is the Green reflected light, and 
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     (2.4) 
As discussed in Chapter 2, α (Equation 2.4) is defined as a factor that is less than one and 
recommended to be between 0.05 and 0.2 (Gitelson, 2004) recommended a value of 0.05 to 0.2 
be used. Therefore to find what value of α should be used, five different values (0.1, 0.2, 0.3, 0.4, 
0.5) were tested to determine the best fit when WDRVI was plotted against VF. Out of the three 
values tested 0.3 gave the highest coefficient of determination (R2) and best visual fit.  R2 is 
calculated as  
𝑅2 = 1 − ∑ �𝑦𝑗′ − 𝑦 ��
2
−𝑛𝑗=1 ∑ �𝑦𝑗 − 𝑦 ��
2𝑛




where 𝑦′ is the estimated value, 𝑦� is the averaged value, and 𝑦 is the independent reference 
measurement. 
Once the vegetation indices were calculated, all of the vegetation indices were plotted versus 
measured VF in order to verify the accuracy of the indices. As stated in Chapter 2, theoretically 
indices should have a strong relationship with VF because as VF fluctuates, indices will also 
fluctuate. For instance as corn leaves get bigger (VF increases), the leaves will reflect more NIR 
and absorb more Red and therefore the indices values will also increase. R2 was calculated for 
each index in order to determine strength of relationship with VF. The equation that was 
obtained for each index when a trend-line was fit to each index was also used to estimate VF. 
Estimated VF was then compared to the observed VF by using root mean square error (RMSE, 
Equation 2.6).  




     (2.6) 
Along with RMSE, mean bias error (MBE, Equation 2.7) and mean absolute error (MAE, 
Equation 2.8) were also calculated to compare the estimated VF and the observed VF from 
imagery.  
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     (2.8) 
2.4 Water Stress Crop Coefficient Calculation 
Water stress coefficient (Ks) is then calculated daily using two different methods for estimating 




on the crop. In both methods the procedure outlined in Trout and Johnson (2007) was used to 
calculate Kcb and the method in the FAO-56 publication was followed for calculating Ke. The 
two methods differ in how Ks is estimated, which are determined by either (1) FAO-56 or (2) 
Bausch et al. (2011). The second method was only done for Treatments 1, 2, 3, 6, 8, and 12 as 
continuous IRT data were only available for those treatments.  
 
2.4.1 FAO-56 Procedure 
Potential crop ET was calculated following FAO-56 guidelines by not incorporating the stress 
coefficient in order to set an upper limit of ET (e.g. assuming Ks = 1 in Equation 1.16). 
Calculating potential ET using this procedure was used as an envelope for determining the upper 
limit of daily ET in the field. In order to calculate ET following FAO-56 using the dual crop 
coefficient approach, the first step is to calculate Kc. Equation 2.9 defines Kc for FAO-56 
procedures without including stress.  
𝐾𝑐 = 𝐾𝑐𝑏 + 𝐾𝑒     (2.9) 
The basal crop coefficient Kcb is obtained from tabular values in FAO-56 (Allen et al. 1998). 
Three different Kcb values are chosen: one for initial, mid, and end of season, then Kcb mid and Kcb 
end are adjusted for local climatic conditions. Then a different table in FAO-56 is used to 
determine the length of time each Kcb value applies for and linear interpolation is used to get 
from one value to the next. A Kcb curve is then constructed in order to get daily Kcb values. This 
method is normally applied when using grass-based reference ET, but for this project alfalfa 
based (tall) reference ET is being used and a different method has to be applied. In the ASABE 




obtained. The table containing the Kcb values in the ASABE Monograph is divided into two 
sections, percent time from planting to effective full cover date, and days after effective full 
cover date. It was assumed to be able to use this table that corn in all regions progresses at the 
same rate, which in many climates is not a valid assumption. From this table a Kcb curve for ETr 
was made, which is applied to all treatments (Figure 2.8).  
 
Figure 2.8. Kcb values over the corn growing season 
 
For the calculation of Ke, instead of using Equation 1.24 to calculate Kc max, Equation 2.10 was 
used because, as stated before, for this project the alfalfa reference ET (ETr) was used and 
Equation 1.24 is for the grass reference ET (ETo). 
𝐾𝑐max𝑟 = max (1.0, {𝐾𝑐𝑏𝑟 + 0.05})    (2.10) 
To calculate Kr (Equation 1.23), Readily Evaporable Water (REW) and Total Evaporable Water 
(TEW) values are needed, which can be obtained from FAO-56 (Allen et al., 1998). Because 
















mm was chosen. In the calculation of fraction of ground surface wetted few (Equation 1.25) a 
value of 0.35 was chosen from FAO-56 (Allen et al., 1998). Ke can then be calculated (Equation 
1.22), and therefore Kc (Equation 2.9) can also be calculated. After Kc is calculated, crop ET was 
then calculated using Equation 1.26. In Equation 1.26 ETr is calculated using the ASCE-EWRI 
(2005) Standardized Penman-Monteith Method (Equation 1.1). Wind speed, solar radiation, 
actual vapor pressure and temperature data were obtained from the weather station located at 
LIRF (CoAgMet Weather Station Network, Station GLY04, www.coagmet.com), just west of 
the sunflower fields (Figure 2.2). 
 
2.4.2 Calculation of Kcb and Ke  
For both methods of calculating actual crop ET, Kcb and Ke are calculated the same way. Kcb is 
calculated using the Trout and Johnson (2007) method of calculating Kcb based on canopy cover 
throughout the growing season (Equation 1.18). Trout and Johnson (2007) originally calibrated 
the “a” and “b” values by plotting Kcb values obtained from a weighing lysimeter versus 
observed canopy cover values for bell peppers. Since there is no weighing lysimeter at LIRF, the 
values were calibrated using Kcb values obtained from actual crop ET calculated using air 
temperature and vapor pressure values collected with a Bowen Ratio Energy Balance system, 
located at LIRF, and using the coefficients originally calibrated from the weighing lysimeter. 
The ARS-WMU computations resulted with coefficient values of a = 0.15 and b = 1.01, which 
were used for this project; therefore Equation 1.18 with the constants included becomes Equation 
2.11. VF calculated using Equation 1.36 was only used if VF was less than full cover (assumed 




 𝐼𝑓 𝑉𝐹 ≤  𝐾𝑐𝑏 𝑇ℎ𝑒𝑛 𝐾𝑐𝑏 = 1.01 𝑉𝐹 + 0.15  𝑒𝑙𝑠𝑒 𝐾𝑐𝑏 = 0.96   (2.11) 
Ke was calculated using FAO-56 procedures which were described in section 2.4.1. 
 
2.4.3. Ks Calculation following FAO-56 
Ks was calculated following FAO-56 procedures. In order to calculate Ks Equation 1.20 was 
used. According to FAO-56 (Allen et al. 1998) TAW is defined by Equation 2.12, and RAW is 
defined by Equation 2.13. In Equation 2.13 p (fraction of depletion) is assumed to be 0.5.  
𝑇𝐴𝑊 = (𝐹𝐶 −𝑊𝑃)𝑅𝑍    (2.12) 
𝑅𝐴𝑊 = 𝑝𝑇𝐴𝑊    (2.13) 
For Equation 2.12 FC is the field capacity (mm/mm, %), WP is the wilting point (mm/mm, %), 
and RZ is the root zone depth (mm). In Equation 2.13 p is the fraction of TAW that a crop can 
extract from the root zone without suffering from water stress. After Ks was calculated for every 
day Equation 1.20 was used to calculate ET in which ETref was calculated as explained in section 
2.2.2.  
 
2.4.4 Ks Calculation by Tc ratio  
For the second method of calculating actual crop ET, Ks was calculated using Bausch et al. 
(2011) method using canopy temperatures. To obtain canopy temperature values for both the 
non-stressed and stressed corn plots, semi-permanent IRTs were installed in plots for Treatments 
1, 2, 3, 6, 8, and 12. Because of equipment restrictions IRTs could not be placed in every plot. 




averages. Since there are four plots for every treatment, the four IRT values were averaged 
together to obtain one averaged canopy temperature value for each treatment that had IRTs. 
According to Bausch et al. (2011), IRT data collected from 13:00 to 15:00 should be used 
because this is the time of day when most stress occurs. Therefore for each day the IRT data 
from 13:00 to 15:00 were averaged to get a single daily IRT value for each treatment. Although 
IRTs were installed on DOY 183, Bausch et al. (2011) states that full cover needs to be achieved 
to use the Tc ratio method, so this method was applied beginning on DOY 205, when 0.80 VF 
cover was achieved, and ending right before harvest (DOY 290). While all of the plots developed 
as different rates DOY 205 was assumed to be date of full cover for all of the treatments. Tc ratio 
could then be calculated by calculating the ratio of canopy temperature of the non-stressed corn 
to the stressed corn (Equation 1.21). Since Treatment 1 is fully irrigated, it is assumed to have no 
stress and therefore Ks for Treatment 1 was equal to one for the entire season. For all of the other 
treatments Equation 1.21 is used with Treatment 1 average canopy temperatures being used as 
the non-stressed temperature (Tc ns).  
 
2.4.5 Water Balance  
As daily ET is calculated (for each method) a water balance was created that tracked the 
irrigation events (I), effective precipitation events (P), deep percolation (DP) and calculates soil 
moisture deficit (Di) (Equation 1.27). When the Di becomes greater than the readily available 
water (RAW) in the root zone (Equation 2.13), stress is assumed to occur in the corn. RAW is 
calculated daily; therefore it changes with root zone depth which is estimated throughout the 
growing season. Effective root zone depth ranges from a minimum value of 50 mm to a 




capacity in the root zone (FCRZ) was calculated. Field capacity of the root zone was determined 
as a weighted average of the field capacity of each layer the root zone covered. Field capacity 
values are specific to each plot, and separated into layers from 0-150 mm, 150-450 mm, 450-750 
mm, and 750-1050 mm. After FCRZ has been calculated, TAW in the root zone can be calculated 
using Equation 2.14, in which p is the depletion fraction of TAW in the root zone and was 
assumed to have a value of 0.5.  
𝑇𝐴𝑊 = 𝑝 ∙ 𝐹𝐶𝑅𝑍     (2.14) 
Deep percolation was calculated by first assuming that no deep percolation occurred and 
calculating the deficit, and then if the deficit was found to be negative then deep percolation was 
set equal to the negative deficit (an over replenishment of water in the root zone), and the deficit 
was re-calculated with the new value for deep percolation:  
 If 𝐷𝑖 < 0 → 𝐷𝑃 = −𝐷𝑖 otherwise DP = 0 
On days that soil moisture observations were taken the deficit used by the water balance was set 
equal to the soil water deficit calculated from volumetric soil water content readings. TDR 
readings taken at 150 mm and neutron probe readings taken at 300, 600, and 900 mm were used 
in the calculation of the soil water deficit. A calibration curve was used to obtain percent 
volumetric water content (VWC, %) from each of the readings. To obtain the soil water deficit 
(SWD), VWC (%) was subtracted from FC (%).  FC for each treatment and for each depth (0 to 







Table 2.2. Average FC values for every treatment for four different depths 
  Depth (mm) 
Treatment # 150 150-450 450-750 750-1050 
1 28.0% 27.3% 20.8% 22.6% 
2 27.3% 25.9% 24.8% 16.5% 
3 26.5% 26.0% 24.5% 20.3% 
4 27.5% 27.8% 24.4% 17.4% 
5 26.5% 26.3% 22.3% 21.3% 
6 27.3% 24.3% 19.8% 16.1% 
7 26.5% 26.5% 23.3% 19.5% 
8 26.0% 25.3% 19.2% 15.0% 
9 25.8% 23.5% 22.2% 16.0% 
10 29.0% 26.5% 22.2% 16.8% 
11 27.8% 27.0% 26.8% 21.9% 
12 27.8% 24.5% 22.9% 17.6% 
 
 In order to get the data from percent deficit into mm of deficit all of the soil moisture deficits 
















∙ 300     (2.18) 
To get soil water deficit in the root zone, the root zone was divided into three sections 450, 750, 
and 1050 mm. This was done to match the depth that VWC observations were obtained. The 




Equations 2.19, 2.20, and 2.21 respectively.  If the conditions in Equations 2.19, 2.20, and 2.21 
are not true then the deficit is set equal to zero for that root zone section.   
𝐼𝑓 𝑅𝑍 < 450 → 𝑆𝑊𝐷450 = 𝑆𝑊𝐷150 +
𝑅𝑍−150
300
× 𝑆𝑊𝐷300 𝑒𝑙𝑠𝑒 𝑆𝑊𝐷450 = 0   (2.19) 
𝐼𝑓 𝑅𝑍 > 450 𝑎𝑛𝑑 𝑅𝑍 < 750 → 𝑆𝑊𝐷750 = 𝑆𝑊𝐷150 + 𝑆𝑊𝐷600 ×
𝑅𝑍−450
300
+ 𝑆𝑊𝐷300  
 𝑒𝑙𝑠𝑒 𝑆𝑊𝐷750 = 0    (2.20) 
𝐼𝑓 𝑅𝑍 > 750 → 𝑆𝑊𝐷1050 = 𝑆𝑊𝐷150 + 𝑆𝑊𝐷900 ×
𝑅𝑍−750
300
+ 𝑆𝑊𝐷300 + 𝑆𝑊𝐷600                           
 𝑒𝑙𝑠𝑒 𝑆𝑊𝐷750 = 0      (2.21) 
Equations 2.19 to 2.21 are then summed to obtain a final soil water deficit in the root zone 
(SWDRZ, mm). This value is then Di for that day in the water balance instead of using Equation 
1.27. Cumulative Di was then determined for growth stages to see the amount of Di that occurred 
during each major section of growth stages: vegetative, reproduction, and maturation. This was 
done to determine during what growth stage did large Di effect yield the most.  
 
2.5 SWIIM Field Data Processing 
In order to verify the results found from the LIRF fields, data were obtained from SWIIM field 
by the ARS-WMU and the same methodology was used to process the data. Since the “high boy” 
tractor was not driven through SWIIM field (due to furrow spacing not allowing safe travel), the 
spectral reflectance data obtained from an MSR5 multispectral sensor were used to obtain 
vegetation index values throughout the growing season. Unlike the data from the SKYE sensors, 
the MSR5 does not require vegetation indices to be calculated with a correction factor. 




1.35, OSAVI using Equation 1.34, and WDRVI using Equation 1.29. Images taken throughout 
the growing season using the Canon 50d RGB camera on a telescoping pole were run through the 
same canopy cover program as the images at LIRF to obtain VF values throughout the growing 
season. Two different water balance sheets were created using the two different methods for 
obtaining ET described in sections 2.4.2, 2.4.3, and 2.4.4. The water balances were made using 
the same method as described in the previous section (2.4.5). Even though surface irrigation can 
be highly variable the measurements were taken 1/3 down the field from the north, where the 










3.1 Fractional Vegetation Cover  
As described in the methods section, VF was obtained from two different sets of imagery: the 
FLUX multispectral camera and the Canon RGB camera. Both cameras performed fairly 
similarly throughout the year, except that the FLUX camera had issues with becoming over 
saturated with light. This was mainly seen on days and in treatments where water stress was 
occurring and VF decreased due to leaf curling. Figure 3.1 shows VF for Treatment 1 and 
Treatment 12 over the growing season. The VF measured from both the RGB and the 
multispectral imagery follow each other fairly well for Treatment 1, Treatment 12 on the other 
hand showed the multispectral being fairly smooth and the RGB with more scatter. After 
analyzing the imagery from both cameras where the RGB and multispectral VF values were in 
disagreement, it was observed that on days where the crop was visually stressed (corn leaves 
curled) the multispectral imagery did not correctly identify the leaves well when they were not 
visually stressed. For instance, Figure 3.2 shows the CIR and output image from a Treatment 1 
plot and a Treatment 12 plot. Figure 3.2 b shows how over saturated the FLUX camera became 
with the stress treatment, as the multispectral image turned blue making it very hard to process 
and obtain an accurate VF. The output image in Figure 3.2 b showed many of the curled leaves 
weren’t recognized by the camera, and other leaf areas were overestimated by the camera. While 
the RGB images were not perfect every time they were processed, the images were much more 






Figure 3.1. Comparison of VF obtained for RGB and multispectral images for both Treatment 1 




Figure 3.2. FLUX multispectral and output images for DOY 199 for a.) Treatment 1 (VF = 0.85) 
and b.) Treatment 2 (VF = 0.70) 

























Figure 3.3 shows the Canon images and output images for DOY 199 both Treatment 1 and 12 for 
comparison to Figure 3.2. In Figure 3.3 a and b, it can be seen that there is a shadow in the image 
from the boom on the highboy. This shadow had little effect on the VF as it was a small area and 
the leaves under the shadow were still a shade of green which the VF software was able to 
identify. To eliminate any error that occurred from the shadow of the boom it would be best to 
always take images from the west side of the plot so no shadow occurs, however data were not 
collected that way in 2013. Since VF needs to be used in the calculation of Kcb and for use with 
the vegetation indices, it is important to have accurate data. While the multispectral imagery 
worked very well with the non-stressed corn, since many days the corn was stressed the data 
from the RGB imagery were chosen as the better measured VF data for use in this project. This 
is consistent with what Alganci et al. (2014) found that ground based digital RGB cameras did 
the best at estimating VF for corn and cotton. Although in that study multispectral Landsat 
images were used instead of a ground based multispectral camera. Smith et al. (1990) stated that 
one of the main limitations of using multispectral imagery is soil background effects. This was 
also seen with the multispectral imagery in this study since the camera had trouble mainly with 
days in which the crop was stressed because the camera became over saturated with soil 








Figure 3.3. Canon image RGB and output images for DOY 199 a.) Treatment 1 (VF = 0.84) and 
b.) Treatment 12 (VF = 0.57) 
 
3.2 Vegetation Indices 
After the four vegetation indices were calculated for every day of data available, they were 
plotted as a time series (Figure 3.4). All of the time series did indicate days with stress, and on 
DOY 199 stress was the most apparent with Treatment 12 having a very low index value in all 
four graphs. By visual inspection WDRVI seems to have the most variations and be less of a 
smooth curve. To check the accuracy of the indices obtained from the SKYE sensors the indices 
were plotted versus VF to check that they had a strong relationship with VF. As described in the 
Introduction (Chapter 1), past research has shown indices should have a strong correlation (most 
often a linear correlation) to VF, since as VF increases the absorption and reflectance abilities of 
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Figure 3.5.  NDVI versus VF 
 
 
Figure 3.6. GNDVI versus VF 
 
NDVI = 1.0568*VF - 0.0393 

















GNDVI = 0.8778*VF + 0.0066 


















RMSE = 0.440 
MBE = 0.017 
MAE = 0.030 
RMSE = 0.259 
MBE = 0.0015 





Figure 3.7. OSAVI versus VF 
 
 
Figure 3.8. WDRVI versus VF 
OSAVI = 1.2535*VF - 0.0829 














WDRVI = -0.7043-0.4581*VF+1.0940*VF2+0.6070*VF3 
RMSE = 0.390 
MBE = 0.0011 
MAE = 0.0294 
R2 = 0.9657 
RMSE = 0.261 
MBE = 0.023 





From Figures 3.5 to 3.8 it can be seen that all of the indices have a very strong correlation with 
VF. NDVI, GNDVI, and OSAVI all have linear relationships, while WDRVI has a 2nd-degree 
polynomial relationship with VF. NDVI had the highest R2 value of 0.98 while OSAVI had the 
lowest at 0.96, which is still a very good R2 value.  The trend-line equations that can be seen in 
each of the Figures 3.5 to 3.8 were used to estimate VF.  The trend-lines for NDVI (Figure 3.5) 
and GNDVI (Figure 3.6) have intercepts of almost zero which shows a well-defined relationship 
between the indices and VF. WDRVI in Figure 3.8 should range from -1 to 1 as was stated in 
Gitelson (2004). As can be seen in Figure 3.8 WDRVI maximum value at full cover is about 0.20 
which is very low, it should be around 0.8 or 0.9. After this was noticed it was figured out that 
the format and units of the data output by the SKYE light sensors does not allow for the 
calculation of WDRVI correctly. The SKYE sensors cannot calculate indices like WDRVI where 
the NIR value is multiplied by α. SKYE sensors were made more for the calculation of NDVI, 
not other indices. Therefore for these reasoning’s WDRVI will not be used the rest of the project, 
since it cannot be calculated correctly. This does not mean it is not sensitive to water stress, but it 
will not be able to be tested in this project.  
RMSE was then used to find the error between the estimated VF and the VF observed from the 
Canon images. The RMSE values located under the R2 values on each figure indicated that each 
vegetation index performed well, with NDVI having the lowest RMSE value. MBE and MAE 
were also calculated and can be found on each of the figures as well. OSAVI had the lowest 
MBE value of 0.0011, and NDVI had the lowest MAE value of 0.0237. Overall all of the MBE 
and MAE values were very low and close to zero, which shows that there was little error 
between estimated VF value and the VF values measured from the Canon imagery. As indicated 




in response to curling of the corn leaves. Therefore this is a good indication that the indices will 
also respond well to the water stress induced on the corn.  
As was stated earlier in Chapter 1 not always does NDVI perform the best as seen in this study. 
Jiménez-Muñoz et al. (2009) showed that both NDVI and GNDVI had linear relationships with 
VF, but GNDVI performed better than NDVI in that GNDVI had a higher R2 and lower standard 
error than NDVI. Both GNDVI and NDVI still had R2 above 0.9 and low standard error like was 
seen in this project. Jiménez-Muñoz et al. (2009) also found that data collected that did not 
require atmospheric correction like in the case of the data from this project performed better. 
Carlson and Ripley (1997) determined that NDVI has a linear relationship with VF as was found 
in this project, but the relationship got better when a scaled value of NDVI between 0% and 
100% cover was used. Barati et al. (2011) found that NDVI had a better relationship with VF 
than OSAVI, and that GNDVI only had a good relationship with VF in well vegetated areas. VF 
for this study was determined using ground measurement, while multispectral image was 
obtained from a satellite. Overall most of the literature agrees with the results found that NDVI 
tends to overall perform best, with some studies (Carlson and Ripley, 1997) not agreeing with 
this result. VF tended to be better linearly correlated with NDVI, GNDVI, and OSAVI when 
ground based RGB imagery was used to calculate VF. This results corresponds to the results 
found in this project that NDVI, GNDVI, and OSAVI have strong linear relationships with VF 





3.3 Comparison of Evapotranspiration  
As described in Chapter 2 Kcb was calculated following Trout and Johnson (2007), which use VF 
to calculate Kcb throughout the season. FAO-56 procedures instead rely on tabulated values that 
assume all corn is growing about at the same rate. The climate in which corn was growing in for 
this study, can make a significant difference on how corn development progresses through the 
growing season. Figure 3.9 shows Kcb daily values from Trout and Johnson (2007) and using the 
tabulated values in FAO-56. As shown in Figure 3.9 Kcb for both of the two methods were very 
similar until effective cover was reached (VF = 0.80) and when Kcb reached its peak value at 
0.96. For the rest of the season Kcb values rom Trout and Johnson (2007) procedure were larger 
than FAO-56 Kcb resulting values. Note that the fluctuations around DOY 180 for Kcb from Trout 
and Johnson (2007) are caused by functions in VF. The main advantage of using FAO-56 is that 
it allows for calculation of Kcb without any data collection. For many agricultural growers this 
can be very advantageous, as they may not have access to VF data to calculate a more accurate 






Figure 3.9. Kcb values for Treatment 1 calculate using both Trout and Johnson (2007) and FAO-
56 guidelines (Allen et al., 1998) 
 
ET was calculated in two different ways, each way using a different method of calculating Ks. Ks 
was calculated using FAO-56 (Allen et al., 1998), and calculated using Bausch et al. (2011). 
Since Bausch et al. (2011) cannot be used until full cover occurs, Ks from the two different 
methods can only be compared for the later part of the growing season. Figure 3.10 contains the 
time series of Ks from the two different methods, note that Ks calculated from Tc ratio does not 
start till DOY 205.   





















Figure 3.10. Ks Daily values from Treatment 2 for the two different methods 
 
As shown in Figure 3.10 Ks calculated following FAO-56 procedures showed a much larger 
degree of stress occurring than Ks calculated from Tc ratio. Since Figure 3.10 is for Treatment 2 
which received only 50% of predicted full ET from R3 to R5 water stress should be occurring. 
During the vegetative growth stages VE to V7 Ks dropped down to zero due to large stresses 
occurring which were caused by delays in getting the pressurized drip irrigation system set up so 
that the crop could be irrigated.  Figure 3.11 shows Ks values for Treatment 6 which only 
received 40% of predicted required water from R3 to R5 and therefore the degree of stress was 
larger. Comparing Figure 3.10 and Figure 3.11 shows that both Ks from FAO-56 and Ks from Tc 
ratio show greater stress occurring in Treatment 6 (Figure 3.11). For both treatments, Ks from Tc 
ratio  is more sensitive to small stress events, while Ks from FAO-56 seems to only identify large 


















stress events like the one that occurred around DOY 248. Time-series plots comparing Ks daily 
values for the other treatments are available in Appendix A. Figure 3.11 shows that Ks from      
Tc ratio occasionally will rise above the value of 1, which is its theoretically limit. This is caused 
by when the other treatments have a canopy temperature that is actually cooler than Treatment 1. 
As stated earlier Treatment 1 was checked for stress using both Ks from FAO-56 and the water 
balance was used to make sure Di never was greater than RAW. Thus, even though theoretically 
Ks from Tc ratio should not go above 1, it is not a big deal if it does as this shows that the crop is 
far from stressing, and actually healthier than Treatment 1.  
 
Figure 3.11. Ks daily values for Treatment 6 for the two different methods 
 
Using the FAO-56 guidelines, the calculation of a theoretical upper (non-stress) corn ET limit 
was made. Therefore the two methods for calculating ET can be compared to the potential ET 


















calculated following the FAO-56 guidelines. While the ET from the FAO-56 guidelines was 
supposed to act as an upper limit, this result was not seen. Figure 3.12 shows the daily ET values 
from each of the three methods for calculating ET for Treatment 1. ET calculated using Ks from 
Bausch et al. (2011) is only shown for the second half of the season because it could not be used 
until full cover (0.80 VF for corn) was achieved, which occurred on DOY 205.  
 
Figure 3.12. Daily actual ET for each method calculated for Treatment 1 
 
Ks from FAO-56 and Ks from Tc ratio daily actual ET values in the end of the season were 
consistently larger than potential ET calculated from FAO-56 with Ks = 1 for the end of the 
season. Even though theoretically ETa from both methods should not be larger than potential ET, 
because Kcb values from FAO-56 were underestimated for the reproduction and maturity stage, it 
makes sense that ETa is larger than potential ET. Both methods of calculating actual ET gave 


















ETa using Ks from FAO56





very similar results, even with different Ks values. Ke was calculated the same way for all three 
of the different ET values, while ET from FAO -56 was the only method in which Kcb was 
calculated using tabular values. From the beginning of the season to about DOY 230 (after 
effective cover was reached) potential ET and actual ET calculated with Ks from FAO-56 were 
fairly similar. Therefore the Kcb tabular values after effective cover are deemed too low for 
Greeley’s semi-arid climate as was seen in Figure 3.9. Even with Ks calculated differently for the 
different daily actual ET values, the actual ET for both methods was still very similar. Only from 
DOY 242-252 large differences between the two methods were evident. These days correspond 
with the days that large stresses were seen (low Ks values) in Figures 3.10 and 3.11.  Other than 
those days (DOY 242-252) visually from Figure 3.12 and 3.13 both methods give similar actual 
ET values. Therefore, even though the two different methods give different Ks values, daily ET 
is not affected too much and either of the two methods can be used to calculate Ks. If using Ks to 
monitor crop stress Ks calculated from  Tc ratio seems to work best as it captures smaller and larger 
stress events (Ks greater than 0.8), while Ks from FAO-56 tends to only capture the larger stress 
events (Ks less than 0.8). Using the Tc ratio developed by Bausch et al. (2011) allows the 
calculation of Ks using limited data and still gives similar results for ET from FAO-56 
procedures; therefore it seems to be a viable option for the calculation of Ks even with its 





Figure 3.13. Daily ET for Treatment 6 calculated with Ks from FAO-56 and from Tc ratio 
 
3.4 Soil Water Deficit Comparison 
For every day in the growing season Di (Equation 1.27) was calculated two different ways using 
the two water balances created for LIRF.  The water balances only varied because ET was 
calculated differently for each one. Figure 3.14 shows the amount of daily Di and RAW 
experienced by the corn in Treatment 6 using Ks calculated from FAO-56. Figure 3.15 shows the 
amount of daily Di and RAW experienced in Treatment 6 using Ks calculated from Tc ratio.   
















 ETa using Ks from FAO-56






Figure 3.14. Daily Di and RAW for corn in Treatment 6 calculated from Ks from FAO-56 
 
 
Figure 3.15. Daily Di and RAW for corn in Treatment 6 calculated from Ks from Tc ratio 














































Resulting Di from both of two different methods was compared to measured Di from the neutron 
probe and TDR. For every day after full cover was achieved for Treatment 6 Di was calculated 
for the two different methods using Equation 1.27. The Di from Equation 1.27 was then 
compared to measured Di for days that neutron probe and TDR data was available. This was 
done in order to determine which Ks estimated Di better. RMSE, MBE, MAE, slope, intercept, 
and R2 were calculated for both methods and can be seen in Table 3.1. Estimated Di from 
Equation 1.27 from both methods was not very accurate and had large errors compared to 
measured Di. Di calculated with Ks from Tc ratio had better results with lower RMSE, MBE, and 
MAE values than Di calculated from Ks from FAO-56. Ks from Tc ratio also gave a slope closer to 
1 and an intercept closer to zero. Ks from FAO-56 did give a higher R2 than Ks from Tc ratio.  
Table 3.1. Statistical values for comparing estimated Di to measured Di for the two different 
methods. 
 
Method of Calculating Di 
Ks from FAO-56 Ks from Tc ratio 
RMSE (mm/day) 19.69 15.45 
MBE (mm/day) -13.03 -3.59 
MAE (mm/day) 16.86 12.41 
Slope 1.33 1.06 
Intercept 3.31 1.19 
R2 0.81 0.75 
 
In Chapter 1, it was discussed when regulated deficit irrigation should be applied, and how this 
can have effects on the yield. It was determined from reviewing literature that induced water 
stress during reproduction can cause decreases in yield. From the two different water balances it 
was seen that all treatments (event Treatment 1) experienced some level of water stress during 




series for other treatments besides Treatment 6 can be seen in Appendix B for Ks from Tc ratio and 
Appendix C for Ks from FAO-56. Only some of the treatments experienced stress during the 
maturation growth stages, with Treatment 6 and 12 having the greatest water stress (Di > RAW) 
during maturation. No stress occurred in the reproduction stages R1 to R3 for any treatment. 
Figure 3.16 shows the time-series of Di that occurred in Treatments 1, 2, 3, 6, 8, and 12 
calculated using Ks from FAO-56. Figure 3.17 shows the time-series of Di calculated using Ks 





Figure 3.16. Di for Treatments 1, 2, 3, 6, 8, and 12 calculated using Ks from FAO-56 





























Figure 3.17. Di for Treatments 1, 2, 3, 6, 8, and 12 calculated using Ks from Tc ratio  


























Any growth stage that starts with a “V” means it was in the vegetative growth stages.  R1 to R3 
is considered reproductive growth stages and 100% ET is received in irrigation for all treatments. 
About a week before R3 occurred deficit irrigation was implemented slowly again. After R5 
occurred no more irrigation events occurred and the corn was allowed to dry until harvest which 
normally occurs in late October.  From Figure 3.16 and 3.17 it can be seen that a large amount of 
Di occurred between R3 and R5 (maturation stages) for Treatments 2, 6, and 12. Treatment 6 and 
12 ended up having the lowest grain yield (Table 3.2). Both Treatment 2 and 6 had relatively 
normal Di during vegetative growth stages, but still ended up with lower grain yields when 
compared to the other treatments. Treatment 2 had a cumulative Di of 577 mm and Treatment 6 
had a cumulative Di of 707 mm during the vegetative growth stages calculated with Ks from 
FAO-56. Treatment 2 had a cumulative Di of 281 mm, while Treatment 6 had a cumulative Di of 
504 mm during maturity growth stages calculated with Ks from FAO-56. Figure 3.16 and 3.17 
shows that Treatment 8 had higher Di (cumulative Di = 945 mm) occur in vegetative growth 
stages, and only one large stress event (Di > RAW) during maturity growth stages (cumulative Di 
= 46 mm). Even though it had higher cumulative Di than Treatment 2 and 6 during vegetative 
growth stages it still had a higher grain yield than both Treatment 2 and 6. These results can also 
be seen in Table 3.2 which shows the cumulative Di during vegetative and maturation growth 
stages and the resulting final grain yields. Table 3.2 shows that Treatment 1 and 3 had the 
highest grain yield of these treatments and the lowest Di during maturation stages. From this 
analysis it can be concluded that large cumulative Di during maturation has a greater effect on 
grain yield than large cumulative Di events during vegetative growth stages as has been 





For this analysis cumulative Di was calculated by first going through each day in the time period 
and determining if Di is greater than RAW in order to calculate the daily soil water deficit that is 
larger than the RAW (Di_raw). The calculation of Di_raw is shown in Equation 3.1.    
𝐼𝑓 𝐷𝑖 > 𝑅𝐴𝑊 𝑇ℎ𝑒𝑛 𝐷𝑖_𝑟𝑎𝑤 = 𝐷𝑖 − 𝑅𝐴𝑊 𝑒𝑙𝑠𝑒 𝐷𝑖_𝑟𝑎𝑤 = 0  (3.1) 
Cumulative Di was then calculated as the sum of the daily Di_raw values during the specified time 
period (vegetative and maturity growth stages).  
Table 3.2. Cumulative Di (mm) with Ks from FAO-56 during vegetative and maturation growth 
stages and final grain yields, averaged by treatment 
Treatment 
# 
Di (mm) Yield 
(kg/ha) Vegetative  Maturity 
1 481 0 14988 
2 577 281 13029 
3 588 0 15221 
6 707 504 10540 
8 945 46 13830 
12 1229 416 8925 
 
 
3.5 Stress Indicated from Vegetation Indices 
All of the vegetation indices seemed to indicate occasional stress, as shown by fluctuations in the 
vegetation index over the growing season. In order to determine if the vegetation index was 
actually fluctuating because of water stress, the indices were compared to the stress coefficients 





3.5.1 Comparison of Ks from FAO-56 to Vegetation Indices 
To efficiently compare the vegetation indices to Ks from FAO-56, the Ks value for each day (and 
treatment) was compared to the vegetation indices. This was done to see if the vegetation indices 
followed the fluctuations of Ks. During the vegetative growth stages before full canopy cover is 
reached, the vegetation index values are going to be much smaller than Ks. Therefore they are 
not going to compare well with Ks values; thus the only way to compare the index values to Ks is 
to monitor whether they are fluctuating with water stress as Ks is. Figure 3.18 shows the Ks 
values and the vegetation indices values for DOY 192 for all of the treatments.  
 
Figure 3.18. Ks from FAO-56, NDVI, GNDVI, and OSAVI values for DOY 192 
 
From Figure 3.18 it can be seen that Ks for most of the treatments was a value of 1, indicating no 
corn stress. The indices show more fluctuations than Ks, but for Treatment 7 and 12 the Ks value 
dropped and so did the vegetation indices. Treatment 7 has a Ks value of 0.51, and an NDVI 
value of 0.70. Treatment 12 has a Ks value of 0.63 and an NDVI value of 0.58. This doesn’t 





















for Treatment 12. This is not the only day for which these sorts of results were seen. For DOY 
214 Ks from FAO-56 was calculated to be 1 for all of the treatments, but the vegetation indices 
slowly decreased with increase in treatment number. Hence even though Treatment 12 according 
to Ks is not experiencing any stress, all three vegetation indices show a decrease in value when 
compared to vegetation index values for Treatment 1. This could be caused by differences in VF 
and from Figure 3.18 it is impossible to tell if this is because of stress or VF. As was discussed 
early Ks from FAO-56 only captured larger stress events; then vegetation indices could be 
capturing a smaller stress event. When Ks was just slightly below 1, the indices tended to not 
respond as consistently. Because of differences in the stands of the corn, there are small 
fluctuations (~0.01) naturally in the vegetation indices. Therefore to be able to identify a 
fluctuation in the vegetation indices as stress, larger stress has to occur to compare to Ks from 
FAO-56. Unfortunately no good spectral reflectance data (i.e. no clouds, clear sky) was collected 
on days were large Di occurred; thus no large changes in Ks were seen to compare to the 
vegetation indices.  
 
3.5.2 Comparison of Ks from Tc ratio to Vegetation Indices 
As discussed earlier in the results the second method that calculated Ks using Bausch et al. 
(2011) was found to capture small and large stress events unlike Ks calculated from FAO-56. In 
the last section it was also discussed that the vegetation indices either where responding to 
differences in VF or small stress events. After comparing the indices to the Ks value for that day 
it was noticed that the indices followed the fluctuations of Ks from Tc ratio. Figure 3.19 shows Ks, 





Figure 3.19. Ks from Tc ratio, NDVI, GNDVI, and OSAVI values for DOY 211 
 
As shown in Figure 3.19 as the Ks value decreased as the treatment number increased, the 
vegetation indices also do this. This result was not only seen with DOY 211 it was seen on the 
other days that vegetation index data were available (days the reflectance tractor had collected 
data). Figure 3.20 shows another example of this for DOY 206.  
 






































3.5.3 Development of Vegetation Ratios 
While fluctuations can be seen in Figure 3.19 and 3.20, it is hard to compare to the vegetation 
indices since the indices values are lower than Ks values even when full cover and maximum 
vegetation index values occur. To be able to overcome this issue normalization was done and a 
new vegetation ratio was developed. This ratio was developed by aiming to make the indices on 
the same scale of Ks, and also decrease its value as Ks does when stress is apparent. Therefore it 
was decided to divide the index values for Treatments 2, 3, 6, 8, and 12 by the index values for 
Treatment 1 for every day that there were vegetation index data and Ks data from Tc ratio. To be 
able to use these ratios it is assumed that Treatment 1 did not experience any water stress. 
Treatment 1 was used to be consistent and because Ks from both FAO-56 and Tc ratio showed no 
stress (Ks = 1) occurring in Treatment 1 from DOY 205 to harvest. The water balance was also 
used to check that Treatment 1 did not have water deficit past RAW on days that vegetation 
index data was available. Although this does not mean that some wilting did not occur especially 
in the sandier sections of soil in LIRF that do not hold water as well, or that bad stand in one of 
the Treatment 1 plots could lower the average, none of the stress was long lasting and to stay 
consistent with Bausch et. al (2011) procedures Treatment 1 was used as the non-stressed value. 
It was decided since Ks from FAO-56 only identified large stress events and the vegetation 
indices fluctuated like Ks from Tc ratio to only compare the developed vegetation ratios to Ks from 
Tc ratio. The vegetation ratio equation for NDVI can be seen in Equation 3.2, GNDVI in Equation 















   (3.4) 
The ARS-WMU only had a total of six days in which good (i.e. no cloud cover) vegetation index 
data and Ks values from the second method were available. These ratios did very well at 
matching Ks from Tc ratio and were normally within 5% of it. Figure 3.22 shows the vegetation 
ratio values and Ks values for each treatment for DOY 206. Treatment 12 in Figure 3.21 is the 
only one where N and G ratios weren’t within 5 % of Ks. This could be caused by soil 
background effects since Treatment 12 had the lowest VF value on DOY 206, and OSAVI used 
in the calculation of O ratio could have corrected for some of these effects. 
 
Figure 3. 21. Nratio, Gratio, Oratio, and Ks from Tc ratio values for DOY 206 
 
Now that Ks and the index ratios are normalized (on the same scale) they can be more directly 
compared than just visually using the bar charts seen in previous comparisons. Therefore Figure 
3.22 shows Ks plotted versus Nratio for all of the treatments and days with data. Figure 3.23 shows 






















Figure 3. 22. Ks from Tc ratio versus Nratio for all treatments and days with data 
 
 
Figure 3. 23. Ks from Tc ratio versus Gratio for all treatments and days with data 
 
y = 0.4744x + 0.5159 
















y = 0.6392x + 0.3482 




















Figure 3.24. Ks from Tc ratio versus Oratio for all treatments and days with data 
 
Figure 3.22, 3.23, and 3.24 all have rather low R2 values, with Oratio and Ks (Figure 3.24) having 
the highest R2 value of 0.30. While the R2 value is low, indicating the Ks does not have a strong 
correlation with the index ratios; it still does have a correlation with them. For Figure 3.22 to 
3.24 there are a few outliers causing the low R2 value of 0.23. Treatment 12 had a low VF (less 
than full cover) the entire season which makes the temperature of the canopy even greater. When 
the VF is lower than full cover (~0.80) the data is often considered unusable. Calculating Ks 
from Treatment 12 IRTs could have affected obtaining accurate Ks values, therefore causing the 
low R2 values. Taking out Treatment 12 values from Figures 3.22 to 3.24 gave higher R2 values 
as can be seen in Figures 3.25, 3.26, and 3.27. Table 3.3 shows the RMSE and MBE values for 
the error between Ks and the vegetation ratios excluding Treatment 12. All of the vegetation 
ratios had small RMSE and MBE values close to zero. As shown in Figure 3.25 removing 
Treatment 12 data improved the R2 of the Nratio about 56%.  
 
y = 0.4581x + 0.5366 




















Figure 3.25. Ks from Tc ratio versus Nratio for all Treatments except Treatment 12 
 
 
Figure 3.26. Ks from Tc ratio versus Gratio for all Treatments except Treatment 12 
 
y = 0.2796x + 0.7164 
















y = 0.3779x + 0.6179 




















Figure 3.27. Ks from Tc ratio versus Oratio for all Treatments except Treatment 12 
 
Table 3.3. RMSE and MBE values for the error between Ks and the vegetation ratios excluding 
Treatment 12. 
  RMSE MBE 
Nratio 0.076 0.029 
Gratio 0.062 0.024 
Oratio 0.076 0.031 
 
For Figures 3.25 to 3.27 there was a linear correlation and while there was some scatter, the 
scatter can be contributed to variations in treatment canopy structure and days with some cloud 
cover like DOY 241. Even though the R2 is still a little low with a value of 0.53, visually the 
results look better, and all three vegetation ratios had low RMSE and MBE values as shown in 
Table 3.3. Gratio actually had the lowest RMSE (0.062) and MBE (0.024) values. With more data 
taken on cloudless days and less extreme deficit treatments the correlation could improve. This is 
also the first growing season the SKYE sensors have been used by the ARS-WMU, thus a lot of 
user error occurred. While the vegetation ratios did not always compare perfectly with Ks, they 
did respond to some level to corn water stress in the corn. Therefore it can be observed that water 
y = 0.2785x + 0.7201 



















stress in corn can be monitored using spectral reflectance measurements of the corn. Vegetation 
ratios are calculated with spectral reflectance measurement and give a method to monitor corn 
water stress.   
 
3.6 Irrigation Trigger Determination 
The final objective of this project was if the indices could be used to monitor corn water stress, 
then an irrigation trigger would be determined. Being able to trigger irrigation events just based 
on stress quantified by vegetation ratios, could be beneficial for farmers who do not want to take 
the time to create a water balance to schedule irrigation events. To obtain an irrigation trigger the 
values of the index ratios were compared to Di from the water balance. For values of 1.0 to 0.93 
small stress does occur, but no large stresses (Di > 60 mm, distinct change in VF) occurred. Here 
small stress is defined as stress that does not cause noticeable change in VF, and does not cause 
large water deficit in the root zone. After 0.93 large stresses (large decreases in VF and large 
water deficit in the root zone) occurred that could affect the grain yield as indicated by the fact 
that treatments that experienced decreases in grain yield experienced stresses during the season 
smaller than 0.93. Since there are only six days of data for the index ratios after full cover 
occurred, Ks from Tc ratio values were used to obtain this value. The vegetation ratios have a linear 
correlation with Ks from Tc ratio and follow the same trend as Ks from Tc ratio. Therefore to have 
enough data to obtain an accurate irrigation trigger Ks from Tc ratio was used to determine it for 
the index ratios.  Figure 3.29 shows the Ks from Tc ratio values for the second part of the growing 
season. The thick black line represents the trigger irrigation point (vegetation ratios = 0.93). As 
shown in Figure 3.28 this black line keeps most of the points above it (minimal stress) and only 




keeps the stress that occurs minimal and shouldn’t affect the grain yield. It would be more 
accurate to create a trigger for each vegetation ratio, but with limited data the irrigation trigger is 
being generalized for all three vegetation ratios. This may not be as accurate, but is more 
accurate than creating a trigger with only six points.  
 
Figure 3.28. Ks from Tc ratio calculated using the second method values for the second half of the 
growing season, the thick black line being the proposed irrigation trigger point. The Ks values are 
used as a representation of the index ratios because of the lack of enough data for determining an 
irrigation trigger using just index ratio values. 
 
From the irrigation events in the water balance most of the irrigations for the treatments where 
large deficits did not occur the ARS-WMU irrigated for the most part when Ks started to fall 



























3.6.1 Irrigation Amount Determination 
After a farmer uses the proposed method to decide whether or not irrigation is needed, he/she 
would then need to determine the amount of irrigation that would be required. Most farmers 
would determine this using a soil water balance. In order to determine the net amount of 
irrigation VWC at FC would need to be determined. VWC at FC can be determined by taking 
gravimetric samples from the field and taking them to a soils lab to determine the VWC at field 
capacity. Then the net amount to irrigate can be determined by using either a water balance or 
soil moisture sensors to estimate/measure VWC for a particular day (VWCi), then subtracting 
VWCi from VWC at FC. Thus, the difference between VWC at FC and VWCi is the required 
irrigation amount. The VWC at the irrigation trigger will be much lower than the VWC at FC, 
since the VWC at FC describes how much water within the root zone can be stored. For this 
project FC was taken into account in the beginning of the Di calculations, and therefore Di were 
calculated in terms of FC.  Thus it was found for LIRF, that has a sandy loam soil, when a Ks of 
0.93 occurred then the corresponding Di (or the associated amount of water to be replenished 
each irrigation) in the root zone was 60 mm. Therefore a farmer that has a similar soil type as 
LIRF (sandy loam) could then use this value and know that the corn requires 60 mm of water 
depth to irrigate. This value of course would change depending on the different soil types, and 
would need to be determined for the farmer’s soil type. For large fields this can also be 
inaccurate as soil properties could easily vary quite a bit throughout the whole field.  
 
3.7 Calculation of Index Ratio with Minimal Data 
Out of the final three vegetation indices, all three performed about the same based on visual 




and Oratio had R2 values not that much lower and visually looked as good as Nratio. Even though 
Gratio had the lowest R2 value (0.46) it had the best RMSE (0.062) and MBE (0.024) values. 
Therefore any of the three could be used. But in order to use the index ratios, a farmer would 
need to know the NDVI, GNDVI, or OSAVI value for non-stressed corn, and the NDVI, 
GNDVI, or OSAVI value for their corn. Most farmers will just have a field of corn that receives 
the same amount of water; therefore to be able to use the index ratios the farmer would need to 
obtain a non-stressed value for NDVI, GNDVI or OSAVI from some other source.  NDVI, 
GNDVI and OSAVI indices can be calculated using the equations found in Figures 3.5 and 3.7 
respectively, but VF would need to be known. Using VF data collected using the Canon camera 
by the ARS-WMU over 2009 to 2011 field seasons for corn a table could be constructed of when 
VF values occur with different corn growth stages, for Treatment 1 (non-stressed). These values 
allow farmers to estimate NDVI, GNDVI, or OSAVI for a non-stressed treatment based on corn 
growth stages. This value can then be used to calculate the index ratio of their choice to see if 
they need to irrigate or if their crop is stressed. Growth staging corn requires no special 
equipment, just prior knowledge of corn growth stages. Information on corn growth stages can 
be easily obtained online or from other sources, and taking growth stages in the field takes very 
little time. Therefore using corn growth stages allows the farmers to easily obtain vegetation 
indices for a non-stressed field of corn.  Table 3.4 shows the VF, NDVI, GNDVI, and OSAVI 
values that correspond to corn growth stages. From Table 3.4 the VF value and the vegetation 
indices for corn can be estimated. NDVI, GNDVI, and OSAVI values in Table 3.4 were 
calculated using Equations 3.5, 3.6, and 3.7. Equations 3.5 to 3.7 came from Figures 3.5 to 3.7 
respectively. The farmer can then use the value of NDVI, GNDVI, or OSAVI for their field, and 




ratios depending on which index they choose to use. Therefore they can calculate the vegetation 
ratio and determine if they need to irrigate or if their crop is experiencing stress. 
If spectral reflectance data is not available it could be possible to use VF instead of the indices to 
calculate needed ratio. This would be VF of a stressed field divided by VF of a non-stressed 
field. Table 3.4 could still be used to obtain VF of a non-stressed field. Since the indices have 
almost a 1 to 1 relationship with VF the irrigation trigger most likely could be used but more 
research would be needed to verify that. The main drawback of using VF instead of the indices to 
calculate the ratio is that in order to get accurate VF data a higher end camera would be required, 
along with software to calculate the VF. This software is not as readily available as many 
institutions create a program themselves, and do not make them publically available. For this 
reason it is best to use the vegetation indices if spectral reflectance data is available since no 
















Table 3. 4. VF, NDVI, GNDVI, and OSAVI values for fully irrigated corn corresponding to corn 
major growth stages using data collected in 2009 to 2011 by the ARS-WMU. 
Growth 
Stage VF NDVI GNDVI OSAVI 
Emergence 0.01 -0.03 0.02 -0.07 
V1 0.02 -0.02 0.02 -0.06 
V3 0.03 -0.01 0.03 -0.05 
V5 0.10 0.07 0.09 0.04 
V7 0.28 0.25 0.25 0.26 
V9 0.65 0.64 0.57 0.73 
V11 0.75 0.75 0.66 0.85 
V14 0.88 0.89 0.77 1.01 
V16 0.89 0.90 0.78 1.03 
V18 (VT) 0.90 0.91 0.80 1.05 
R1 0.86 0.87 0.76 1.00 
R2 0.82 0.83 0.73 0.94 
R3 0.77 0.77 0.68 0.88 
R4 0.75 0.75 0.66 0.86 
R5 0.68 0.67 0.60 0.76 
R6 0.09 0.06 0.09 0.03 
 
𝑁𝐷𝑉𝐼 = 1.0568 ∙ 𝑉𝐹 − 0.039    (3.5) 
𝐺𝑁𝐷𝑉𝐼 = 0.8778 ∙ 𝑉𝐹 + 0.0066      (3.6) 
𝑂𝑆𝐴𝑉𝐼 = 1.2535 ∙ 𝑉𝐹 − 0.0829    (3.7) 
 
3.8 Validation of Method to Obtain Vegetation Ratios 
In order to make sure that the proposed method would work to obtain the Nratio, Gratio, or Oratio, 
and see if the field needs to be irrigated multispectral data from one of the ARS-WMU past 
studies were used to obtain multispectral data. Multispectral data were obtained using 
multispectral radiometers as described in Bausch et al. (2011). For this validation Nratio will be 




growing season of 2010 for corn were used. NDVI value for DOY 207 for Treatment 5 was 0.78. 
The growth stage of the Corn for this day was V18 as recorded by the ARS-WMU. According to 
Table 3.4 at a growth stage of V18 the VF was equal to 0.90. Plugging this VF value into 
Equation 3.4 gave an NDVI for a fully irrigated treatment of 0.91. Plugging in 0.78 as the 
stressed NDVI value and 0.91 as the non-stressed NDVI value into Equation 3.1 resulted in an 
Nratio value of 0.86, therefore the crop was stressed and irrigation was needed to occur in order to 
prevent decreases in yield. Since the ARS-WMU was purposely stressing (Treatment 5) the crop 
it was expected to get a value less than 0.93. A V18 growth stage indicates that the crop is 
starting/about to go into reproduction therefore the ARS-WMU should be applying significant 
irrigations about this time to keep the crop from going into stress during reproduction. After 
checking the ARS-WMU water balance for this year, it was verified that the plot received a full 
irrigation two days after DOY 207 in order to keep it from stressing as it went into reproductive 
stages. Therefore, the occurrence of this full irrigation event corroborates the results of this study 
that the corn indeed was in stress and did need the irrigation event. As shown above this method 
of using the measured NDVI from the field and growth stages to obtain VF and therefore obtain 
NDVI of a non-stressed field, seems to work. It requires minimal data and may not be as 
accurate as applying a water balance, but for farmers with limited resources this method maybe 
an applicable method to making irrigation decisions. 
 
3.9 Use of the index ratio as Ks 
As discussed in section 3.5.2 the vegetation ratios correlate with Ks calculated from Tc ratio well. 
Therefore it is proposed that any of the vegetation ratios could be related to Ks in the calculation 




reached because of stationary IRT’s wide field of view and soil background affects therefore its 
applicability is limited to late season. Using a vegetation ratio as Ks will allow for Ks to be 
calculated throughout the whole season, not just when full cover is achieved. The main drawback 
to using a vegetation ratio as a Ks value is daily or frequent multispectral data may not always be 
available if using satellite imagery. Therefore it might be best to use the index ratio in the 
beginning of the season and then switch to Bausch et al. (2011) when full cover is achieved.  
 
3.10 Validation Using SWIIM Field Data 
To validate the results found from the data from LIRF, data collected from SWIIM field (South 
of LIRF) were used. Two water balances were created using SWIIM field data just like for LIRF; 
one using Ks from FAO-56, and one using Ks from Tc ratio. The potential ET was also calculated 
following FAO-56 procedures assuming Ks = 1 in the calculation of ET. As mentioned in the 
methodology SWIIM field has three treatments one fully irrigated (Treatment 1), a low 
frequency deficit irrigated (Treatment 2), and a high frequency deficit irrigated (Treatment 3). 





Figure 3.29. Daily ET (mm/day) for Treatment1 (FI) in SWIIM field 
 
  
















































Figure 3. 31. Daily ET (mm/day) for Treatment 3 (HFDI) in SWIIM field 
 
Unlike what occurred in LIRF, the potential corn ET calculated following FAO-56 methods does 
behave as its suppose to and acts at the upper limit for the ET in all three figures 3.29 to 3.31. 
The potential ET calculated from FAO-56 does not account for water stress unlike the other two 
methods. Therefore it is easy to see that including Ks in the calculation of ET made a large 
impact, especially in Treatment 3 (Figure 3.31). The actual ET was much lower than the 
potential ET from FAO-56, except in the middle of the season (around DOY 210). Another 
reason ET from FAO-56 is much larger is that the Kcb tabular values were consistently larger 
than the Kcb calculated from Equation 2.9. Treatment 1 shown in Figure 3.29, for all three 
methods of calculating ET gave very similar results, because the Kcb for all three methods was 
very similar, and not much stress was experienced. Kcb calculated for Treatment 2 and 3 are 
shown in Figure 3.32. Note that it was assumed all three treatments progressed at the same rate, 
























Figure 3.32. Daily Kcb values for FAO-56, and calculated from Trout and Johnson (2007) for 
Treatment 2 and 3. 
 
Kcb is calculated the same for both main methods of calculating ET using Equation 2.9. In Figure 
3.32 the Kcb is just shown for FAO-56 and then Treatments 2 and 3. In Figure 3.32, the 
difference between the treatments can be seen very well. Treatment 2 (LFDI) had a Kcb that was 
consistently lower than Kcb calculated from FAO-56. Treatment 3 followed Kcb from FAO-56 for 
the first part of the season, and then followed Treatment 2’s Kcb line for the second half of the 
season. Ks for both methods showed very different results, which was also seen with the data 



















Figure 3.33. Daily Ks values for Treatment 2 
 
Like the results from LIRF, at the SWIIM field, the Ks from the two different methods behave 
very differently. Ks from FAO-56 yielded large water stress events (Ks < 0.9). Ks from Tc ratio 
identified smaller along with larger water stress events and therefore seems to be more sensitive 
to detecting crop water stress. This is most likely because Ks from Tc ratio is based on canopy 
temperatures which is more responsive to water stress compared to Ks calculated from FAO-56 
which relies on soil water deficit which isn’t always very sensitive and accurate measurements 
are not always available. The daily Di over the season along with RAW for Treatment 2 for both 








































































Figure 3.34 shows that most of the major water stress events (when Di > RAW) occurred at the 
beginning of the season, and one major one around DOY 204 and 205. Figure 3.35 shows only 
the second half of the season after full cover was achieved. The deficit calculated in the second 
half of the season for both methods (Figure 3.34 and 3.35) was very similar even though they 
were calculated with different Ks values. 
The vegetation indices (NDVI, GNDVI, and OSAVI) were calculated using the multispectral 
light (reflectance) data collected using an MSR5 as explained in Chapter 3. There were seven 
days of data through July and August. For all seven of these days the vegetation ratios were 
calculated and compared to Ks calculated from Tc ratio for those days. Figure 3.36, 3.37, and 3.38 
shows Ks versus Nratio, Gratio, and Oratio, respectively.  
 
Figure 3.36. Ks from Tc ratio versus Nratio for Treatment 1, 2, and 3 
y = 1.4519x - 0.4696 

















Figure 3. 37. Ks from Tc ratio versus Gratio for Treatment 1, 2, and 3 
 
 
Figure 3.38. Ks from Tc ratio versus Oratio for Treatment 1, 2, and 3 
 
 
y = 1.1985x - 0.2182 
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Table 3.5. RMSE and MBE values for the vegetation ratios obtained from SWIIM field 
  RMSE  MBE 
Nratio 0.043 -0.028 
Gratio 0.036 0.004 
Oratio 0.043 -0.004 
 
As it can be seen in Figure 3.36, 3.37, and 3.38 all of the vegetation ratios showed a good 
relationships with Ks. Nratio and Oratio achieved the highest R2 value of 0.66. From Table 3.5 Gratio 
had the lowest RMSE value (0.036), but both Oratio and Gratio had the lowest MBE value 
(±0.004).This result is deemed good. As seen in Figures 3.36 to 3.38 there are four outliers 
causing the lower R2 values, and higher RMSE and MBE values than what would occur without 
these outliers. These values occurred throughout the season and were not during one particular 
part of the growing season. They were most likely caused by days where soil background affects 
were larger than normal (i.e. VF had decreased due to stress), or the data was maybe taken on a 
partly cloudy days where clouds effected incoming solar radiation. Thus, not enough is known 
about the four points in order to justify removing them. The results at SWIIM field seem to 
validate the results obtained from LIRF, that there may be evidence that vegetation indices could 
be used to monitor corn water stress. The vegetation ratios had better results for SWIIM field 
compared to LIRF based on R2, RMSE, and MBE values. This may have been caused by the 
SKYE light sensors never being used before the 2013 field season; therefore there was probably 
some first time user error in the data obtained from LIRF. Compared to the SKYE light sensors 
the MSR5 multispectral scanner sensor had been around much longer and had been used, in the 
same SWIIM field since 2010 in other studies (Taghvaeian et al., 2013) and is known to be 
accurate and consistent, while not as much is known on the SKYE sensors. Since the highboy 




data that could be taken with clear sky conditions. The MSR5 is handheld and the user could be 
more selective about what days of the week data was taken on. Therefore, it is not surprising that 
the SWIIM field actually had better results, which seem to validate and corroborates results 
obtained from LIRF.  
Since these results, that vegetation indices seem to be a viable way to monitor corn water stress, 
seem to be valid then the irrigation trigger point now needs to be validated. From the data at 
LIRF an irrigation trigger point of 0.93 was chosen. In a way that when the vegetation ratios 
values result below 0.93 the corn is assumed water stressed and therefore it needs to be irrigated 
before considerable yield loss is experienced. It can be seen that for SWIIM the largest SWD 
also occurs when Ks and the vegetation ratios were equal or less than 0.93. Since Treatment 3 
was high frequency deficit it received more irrigation events so the Ks value in the second half of 
the season never resulted below 0.93; while Treatment 2 received less irrigation events and had a 
couple of days with the vegetation ratios below 0.93. The greater Di events occurred when the 
vegetation ratios were less than 0.93, this Di could then cause a decrease in grain yield. Di that 
occurs when Ks is greater than 0.93 are smaller and most likely wouldn’t have a large effect on 
the grain yield. Although, more research needs to be done to verify this observation. Unlike in 
LIRF, no Di greater than RAW occurred during the second half of the season (Figure 3.34, and 
3.35), thus not many water stress events occurred that could have caused a vegetation ratio to be 
below 0.93, as shown in Figure 3.39. Looking at data obtained from the ARS-WMU irrigation 
events when Ks (from Tc ratio) dropped close to 0.93 the corn Di was rarely greater than RAW; 
therefore, evidence that corn water stress was mild. From this analysis, it is inferred that the corn 




be able to better appreciate whether the 0.93 irrigation trigger value could be applied to surface 
irrigation it would be best to obtain more data from a higher degree of deficit irrigated corn.   
 
Figure 3.39.Time-series of Ks from Tc ratio with irrigation trigger point highlighted by black line. 
Like with LIRF this line is an estimate for the irrigation trigger point for the vegetation ratios 




























Research was conducted to assess whether corn spectral reflectance is sensitive to induced water 
stress. In order to study this ground based remote sensing method, corn spectral reflectance data 
were collected throughout the 2013 growing season. Irrigation, precipitation, ET, and deep 
percolation were monitored to determine soil water deficit through the soil water balance 
method. Two different water balances were made, one with Ks calculated from FAO-56 and the 
other with Ks calculated from Tc ratio. After comparing the two different Ks values with each other 
and the water balances it was concluded that calculating Ks from Tc ratio seems to be a viable 
option because it gave better results than Ks from FAO-56 for prediction of Di compared to 
measured Di. Ks from Tc ratio had lower RMSE (15.45), MBE (-3.59), and MAE (12.41) values 
than Ks from FAO-56 (RMSE=19.69, MBE, -13.03, MAE=16.86). Four different vegetation 
ratios were calculated from the crop spectral reflectance data: NDVI, GNDVI, OSAVI, and 
WDRVI. After comparing WDRVI to VF it was found that WDRVI could not be calculated 
correctly using the SKYE sensor data, therefore was not able to be tested for sensitivity to water 
stress. Two different types of imagery were used to obtain measured VF (1) RGB from a Canon 
50d camera and (2) multispectral from a multispectral FLUX camera. It was decided that 
calculating VF from the RGB imagery was more accurate because the multispectral imagery 
became over saturated by soil background effects during periods of water stress in the growing 
season and could not accurately measure VF. Plotting NDVI, GNDVI, and OSAVI versus 
measured VF (from RGB imagery) it was found that all three were linearly correlated with VF 
and had almost a 1 to 1 relationship with VF. This relationship and that RGB imagery works best 




Ripley [1997], Barati et al. [2011] ),  . In order to be able to compare the vegetation indices to Ks, 
vegetation ratios were developed for NDVI, GNDVI, and OSAVI. These ratios were based on 
the vegetation index value of a stressed field divided by the vegetation index value of a non-
stressed field. These vegetation ratios were compared to Ks from Tc ratio to see how they 
responded to water stress. Comparing the vegetation ratios to Ks from Tc ratio gave good R2 values 
(Nratio = 0.53, Gratio=0.46, Oratio=0.49) and low RMSE values (Nratio = 0.076, Gratio=0.062, 
Oratio=0.076). It was found that the vegetation ratios were correlated with Ks and therefore these 
findings seem to verify that corn spectral reflectance is sensitive to corn water stress. The 
vegetation ratios were calculated for an adjacent furrow irrigated field (SWIIM field) in order to 
validate the results obtained in LIRF. Results at SWIIM field were found to be better than results 
obtained at LIRF, with R2 values closer to 1 (Nratio = 0.66, Gratio = 0.63, Oratio = 0.66), and lower 
RMSE values (Nratio = 0.043, Gratio = 0.036, Oratio = 0.043). There are many reasons this could 
have occurred, the main one being that the SKYE light sensors used in LIRF were being used for 
the first time. User error along with not having any previous record of how SKYE sensors 
perform in heat could have caused some of the error. The MSR5 sensor used in SWIIM had been 
used many times before and is more widely used in research. Therefore, it is not surprising that 
the results from SWIIM field using the MSR5 data, were better than in LIRF.  
An irrigation trigger would allow a farmer to know when to irrigate based on the vegetation 
ratios. Since there seems to be evidence that spectral reflectance of corn is sensitive to water 
stress then a method was developed to trigger irrigation events. A trigger point of Ks = 0.93 was 
found to be recommended after observing that Ks less than 0.93 indicates a more significant 
stress event and could potentially cause decrease in yields. Therefore for a farmer using 




irrigate. This trigger point was also found to work for the SWIIM field. The trigger could vary 
from field to field, but in order to make the method simpler the value of 0.93 was tested on 
SWIIM and was found it worked there as well.    
To be able to use the vegetation ratios a farmer would need two vegetation index values, one for 
fully irrigated corn, and one for water stressed corn. Unlike at research farms most farmers 
would not have multiple treatments of deficit irrigated corn; they would manage to obtain 
maximum economic potential, and often with heterogeneous fully irrigated fields. Therefore, for 
this project a VF table (for fully irrigated corn) based on growth stages was developed, in which 
the farmer would only need to know the growth stage of the corn and from the table the VF of 
fully irrigated corn can be obtained. This VF could then be inserted into one of the developed 
equations to determine the vegetation index for fully irrigated corn. This is important, i.e. to 
make this method of using vegetation ratios to monitor corn water stress a viable option for 
farmers outside of research.  
This method of using vegetation ratios and growth stages instead of building a water balance 
requires much less time and data processing, therefore making it an option for smaller scale 
farmers who do not have the resources to build an accurate water balance. It would help farmers 
still make smart irrigation decisions, instead of just applying a certain amount of water every 
week.  
While this project has shown positive results there are still limitations to the results. Ks from     
Tc ratio was shown to capture small and large stress events, it is easily affected by soil background 
effects and can go outside of its theoretical limits of 0 to 1. This occurs when the canopy 




treatment. When using IRT’s that have a wide view angle, Ks from Tc ratio cannot be used until 
full cover has been achieved. One way to get around this limitation is to use hand held IRT’s 
with a narrow field of view to obtain canopy temperature before full cover has been achieved. By 
using a narrow field of view, it can be made sure that the canopy temperature reading is of the 
corn, not of the soil background.  The proposed method depends on frequent and accurate 
samples of multispectral data, which are not always available or can be costly to obtain. Other 
limitations for this study are that the proposed method can only be used for corn, as other types 
of crops develop differently, and therefore Table 3.4 cannot be used for other crops. Another 
limitation is that the vegetation indices needed to calculate the vegetation ratios can only be 
measured on clear days, around solar noon. If the measurements are made other than solar noon 
this can affect the amount of stress seen and therefore the vegetation ratio value. Even with these 
limitations, of the proposed method, the vegetation ratios seem to have the potential to allow for 
irrigation management with limited data not requiring monitoring volumetric water content.  
 
4.1 Recommendations for Future Study 
While this study obtained some good results, there is still a lot of room for future research in the 
spectral response of corn to water stress. More research is needed on the use of SKYE sensors in 
agriculture to be able to feel more confident about the results SKYE sensors give, since this is 
one of the first times SKYE sensors have been used in this setting. Further study needs to include 
the changes in magnitude of spectral reflectance in the different wavelengths considered when 
certain levels of water stress are applied. Another area would be to apply this study to different 
crops, as this study was corn specific and additional work would be necessary to apply the same 




the proposed method at three different levels of remote sensing (ground based, aerial [manned 
and un-manned platforms], and satellite imagery and comparing the results. This is especially 
important because the easiest way to apply the results of this project would be to use satellite 
imagery. Since using satellite imagery was outside scope of this project it would be interesting to 
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Figure A.1. Ks Daily values from Treatment 1 for the two different methods 
 
 







































Figure A.3. Ks Daily values from Treatment 8 for the two different methods 
 
 
















































Figure B.1. Di and RAW for Treatment 1 calculated with Ks from Tc ratio 
 
 
















































Figure B.3. Di and RAW for Treatment 3 calculated with Ks from Tc ratio 
 
 


















































































Figure C.1. Di and RAW for Treatment 1 with Ks from FAO-56 
 
 
















































Figure C.3. Di and RAW for Treatment 3 with Ks from FAO-56 
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